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Amorphous sugars, including sucrose, are essential ingredients in food and 
pharmaceutical products due to their encapsulation abilities, desirable textural characteristics, 
and enhanced dissolution rate and solubility. However, amorphous sugars are prone to unwanted 
heat and/or moisture-induced physical changes, including stickiness, caking, and 
recrystallization, which decrease product stability and alter product quality attributes, such as 
texture, taste, aroma retention, and drug efficacy. As a result, the physical stability of amorphous 
sugars has stimulated substantial research; however, comparatively few studies have examined 
the effect of different amorphization methods on the physicochemical properties and stability of 
amorphous sugars created from the same crystalline starting material.  
In general, amorphous materials can be produced via several different preparation routes, 
including supercooling from the melt (e.g., melt-quenching, spin-melt-quenching), precipitation 
from solution (e.g., freeze-drying, spray-drying), and mechanical disruption of the crystalline 
lattice (e.g., grinding, milling, compaction). It has been demonstrated for a number of materials, 
mainly active pharmaceutical ingredients, that different amorphization methods generate 
amorphous products with dissimilarities in morphology, local structural order, thermal behavior, 
and vapor sorption characteristics. Given the particular importance of amorphous sucrose in the 
food and pharmaceutical industries, and the relatively limited amount of research investigating 
the implications of its different methods of preparation, the main goal of this research was to 
identify key dissimilarities in the temperature and relative humidity conditions at which 
amorphous sucrose prepared by industrial processing methods, including freeze-drying, spray-




Various analytical techniques, including scanning electron microscopy (SEM), powder 
X-ray diffraction (PXRD), total scattering pair distribution function (TSPDF), high-performance 
liquid chromatography (HPLC), and differential scanning calorimetry (DSC), were employed to 
characterize the “as is” physicochemical properties of the differently amorphized sucrose 
samples. Freeze-dried (FreD), spray-dried (SprayD), ball milled (BallM), melt-quenched 
(MeltQ), and spin-melt-quenched (SpinMeltQ) amorphous sucrose significantly differed in the 
majority of physicochemical properties studied, including morphology, local structure, moisture 
content, chemical composition, and thermal behavior. These general differences were attributed 
to dissimilarities in the amorphization methods used to produce the amorphous sucrose samples 
(e.g., solution-based versus melt-based amorphization route). A particularly noteworthy 
observation was that FreD, SprayD, BallM, and SpinMeltQ exhibited an exothermic 
crystallization peak upon heating, termed cold crystallization, whereas MeltQ did not. This 
finding has been previously reported in the literature, and three main explanations have been 
proposed for the anomalous cold crystallization behavior of MeltQ: absence of heterogeneous 
nuclei, lower sample moisture content, and structural dissimilarity to the crystalline state. While 
these explanations for the lack of cold crystallization of MeltQ seem plausible, chemical analysis 
results determined herein suggested that thermal decomposition may also be involved in the lack 
of cold crystallization of MeltQ, as thermal decomposition indicator compounds were present in 
MeltQ, but not in FreD and SprayD. Thus, the next phase of this research aimed to determine if 
thermal decomposition was an additional factor that contributed to the observed lack of cold 
crystallization of MeltQ.  
To investigate the effects of thermal decomposition on the cold crystallization behavior 
of MeltQ, an amorphous sucrose sample produced by melt-quenching was subsequently freeze-
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dried (FreD-MeltQ), and its physicochemical characteristics and thermal behavior were 
compared to those of MeltQ and FreD. Although FreD-MeltQ was similar to FreD in 
morphology, % amorphous/crystalline content, moisture content, and glass transition 
temperature, like MeltQ it did not cold crystallize upon heating. However, local structure 
appeared to play an important role in cold crystallization behavior, as the combined PXRD and 
TSPDF findings demonstrated that MeltQ and FreD-MeltQ had a more similar local structure to 
one another than to FreD. The underlying cause of these structural differences seems to be 
related to the presence of thermal decomposition compounds, as similar amounts of thermal 
decomposition indicator compounds were measured in both MeltQ and FreD-MeltQ, but not in 
FreD. Based on this evidence, it was concluded that thermal decomposition is an additional 
factor that contributes to the lack of cold crystallization of MeltQ. 
Given the four explanations currently suggested for the lack of cold crystallization of 
MeltQ—absence of heterogeneous nuclei, lower sample moisture content, structural dissimilarity 
to the crystalline state, and thermal decomposition—the next aim of this research was to examine 
their relative influence on the cold crystallization behavior of MeltQ. Several different conditions 
based on the aforementioned explanations (i.e., seeding, partial-melting, moisture content, 
grinding, and heating rate) were employed in an attempt to induce cold crystallization in MeltQ. 
Seeding with ground analytical grade crystalline sucrose, partial-melting, and grinding induced 
cold crystallization in MeltQ, however, the average cold crystallization onset temperature was 
significantly higher and average enthalpy significantly smaller than those measured for FreD. 
The increase in cold crystallization onset temperature and decrease in enthalpy were linked to 
thermal decomposition diminishing the effectiveness of the various conditions employed to 
induce cold crystallization, since thermal decomposition indicator compounds, along with 
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several other unidentified decomposition products, were detected in the MeltQ substrate upon 
which attempts to induce cold crystallization were made. Since thermal decomposition 
compounds are inherently present in MeltQ sucrose, future investigations could compare the 
behavior of a wide range of low molecular weight amorphous carbohydrates to further explore 
the factors affecting cold crystallization behavior. 
The final phase of this research aimed to compare the moisture-induced crystallization 
behavior of FreD, SprayD, BallM, MeltQ, and SpinMeltQ, and to assess the thermal behavior of 
the resultant crystals. Moisture sorption profiles of differently amorphized sucrose were collected 
at 25°C over a wide range of relative humidity conditions using a Dynamic Vapor Sorption 
(DVS) instrument and saturated salt slurries in miniature desiccators. For amorphous sucrose 
samples studied using DVS (i.e., FreD, SprayD, BallM, and SpinMeltQ), moisture-induced 
crystallization was observed in FreD, SprayD, and BallM at 30%RH, and in all amorphous 
sucrose samples at 40, 50, 60, 70, and 80%RH. Although the moisture sorption profiles of FreD, 
SprayD, BallM, and SpinMeltQ within this range of %RH values followed the same trends in 
moisture-induced crystallization onset time and maximum equilibrium moisture content, the 
actual values differed. Namely, BallM exhibited the shortest crystallization onset times and 
lowest maximum equilibrium moisture contents, whereas SpinMeltQ exhibited the longest 
crystallization onset times. These differences were attributed to unique physicochemical 
characteristics (e.g., significant % crystalline content in BallM, thermal decomposition 
compounds in SpinMeltQ) resulting from inherent differences in amorphization route (e.g., 
disruption of the crystalline lattice versus supercooling of the melt). Compared to the other 
amorphous sucrose samples, MeltQ exhibited the least inclination to moisture-induced 
crystallization, as samples held at 43 and 53%RH only partially recrystallized after 24 weeks of 
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storage. Interestingly, under both moisture and heat conditions, BallM had the greatest tendency 
to crystallize followed by SprayD, FreD, SpinMeltQ, and MeltQ, which suggests a potential 
connection between the cold crystallization and moisture-induced crystallization behaviors of 
differently amorphized sucrose.  
Finally, sucrose recrystallized from FreD, SprayD, BallM, and SpinMeltQ at different 
%RH values generally exhibited two endothermic peaks. However, for a given %RH condition, 
the onset temperature associated with the initial endothermic peak (Tm onset) and total enthalpy of 
both peaks (ΔHm) varied as a function of amorphization method, with BallM and SpinMeltQ 
samples generally exhibiting lower Tm onset and ΔHm values than FreD and SprayD. On the other 
hand, MeltQ remained semi-amorphous after extended storage at 43, 53, and 64%RH, as 
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Chapter 1: Introduction 
 
 
1.1 Rationale and significance 
Amorphous sugars, including sucrose, are widely used in a variety of low-moisture food 
products (e.g., spray-dried flavors, confections, powdered drink mixes) due to their encapsulation 
abilities, desirable textural attributes, and high dissolution rates (Gharsallaoui et al., 2007; Hartel 
et al., 2011; Jouppila, 2006; White and Cakebread, 1966; Yu, 2001). However, amorphous 
sugars are highly susceptible to unwanted heat and/or moisture-induced physical changes, such 
as stickiness, caking, and recrystallization, which decrease product stability and result in 
premature quality loss, often leading to amorphous sugar-based products being discarded 
(Mathlouthi, 1995; Roos, 1995). According to the USDA, approximately 16.7 billion pounds of 
sweeteners and sweetener-containing products were thrown away in 2010, a loss of $6.6 billion 
(Buzby et al., 2014). These figures reveal that sweetener-related food waste is a serious issue, 
and that extending amorphous sugar-based product stability remains a significant technical 
challenge for the food industry. Consequently, the physical stability of amorphous sugars has 
stimulated substantial research; however, comparatively few studies have examined the effect of 
different amorphization methods on the physicochemical properties and stability of amorphous 
sugars formed from the same crystalline starting material. There are various preparation routes 
described in the literature to obtain the amorphous state, including supercooling from the melt 
(e.g., melt-quenching, spin-melt-quenching), precipitation from solution (e.g., freeze-drying, 
spray-drying), and mechanical disruption of the crystalline lattice (e.g., grinding, milling, 
compaction) (Einfalt et al., 2013; Hancock and Zografi, 1997; Hartel et al., 2011; Labuza et al., 
2010; Suryanarayana, 2001). It has been demonstrated for a number of materials, mainly active 
pharmaceutical ingredients, that different amorphization methods generate amorphous products 
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with dissimilarities in morphology (Graeser et al., 2008), local structural order (Karmwar et al., 
2012, 2011), thermal behavior (Graeser et al., 2008; Karmwar et al., 2011; Patterson et al., 2005; 
Savolainen et al., 2007), and vapor sorption characteristics (Haque and Roos, 2006; Miao and 
Roos, 2006; Surana et al., 2004). Given the particular importance of amorphous sucrose in the 
food industry, and the relatively limited amount of research investigating the implications of its 
different methods of preparation, the overall goal of this study was to identify key dissimilarities 
in the temperature and relative humidity conditions at which amorphous sucrose prepared by 
industrial processing methods, including freeze-drying, spray-drying, ball milling, melt-
quenching, and spin-melt-quenching, lose their desirable physical properties. These insights will 
enable the food industry to select appropriate processing, packaging, and storage conditions that 
optimize the stability of amorphous sucrose-based products in particular, minimizing product 
quality deterioration and reducing food waste. 
1.2 Objectives 
It was hypothesized that the different amorphization methods utilized herein would impart 
different physical and chemical properties to the amorphous sucrose materials formed, and that 
these physicochemical differences would result in differences in the heat- and moisture-induced 
crystallization behaviors and crystallization products. To test this hypothesis, the following four 
specific objectives were examined: 
Objective 1: Characterize the physical and chemical properties of “as is” amorphous 
sucrose prepared by freeze-drying, spray-drying, ball milling, melt-quenching, and spin-melt-
quenching (Chapter 3). 
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Objective 2: Investigate the heat-induced crystallization1 behavior differences of 
amorphous sucrose prepared by freeze-drying, spray-drying, ball milling, melt-quenching, and 
spin-melt-quenching (Chapters 4 and 5). 
Objective 3: Investigate the moisture-induced crystallization behavior differences of 
amorphous sucrose prepared by freeze-drying, spray-drying, ball milling, melt-quenching, and 
spin-melt-quenching (Chapter 6). 
Objective 4: Determine the thermal behavior of sucrose recrystallized from the 
amorphous state prepared by freeze-drying, spray-drying, ball milling, melt-quenching, and spin-









                                                 
1 As will be discussed in Chapter 4, there are many terms used in the literature to describe the 
crystallization event that occurs in certain amorphous solids when heated above their glass transition 
temperature, including crystallization (Roos and Karel, 1992, 1991), recrystallization (Liao et al., 2002), 
cold crystallization (Carpentier et al., 2003; Kedward et al., 2000; Schammé et al., 2015; Sussich and 
Cesàro, 2008), instant crystallization temperature (Haque and Roos, 2006; Mazzobre et al., 2001; Zhou 
and Roos, 2011), spontaneous crystallization (Bhugra and Pikal, 2008), heat-induced crystallization 
(Berggren and Alderborn, 2003), non-isothermal recrystallization (Hancock and Zografi, 1997), and 
thermally induced crystallization (Scheirs, 2000). In an effort to promote consistency with the 
pharmaceutical and materials science literature, the term cold crystallization will be used in place of heat-
induced crystallization from this point forward.  
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Chapter 2: Literature review 
 
 
2.1 Classification of solids 
Solids can be classified into two major categories, crystalline or amorphous (Figure 2.1), 
depending on their degree of molecular ordering and potential energy. Crystalline solids exhibit 
both short-range and long-range order, with a repeating pattern of molecular arrangement that 
extends in all three spatial dimensions (Cui, 2007). As a result of this highly ordered molecular 
packing, crystalline solids exist in an equilibrium state of the lowest possible energy and entropy 
(Hancock and Zografi, 1997). Crystalline solids can be further classified into three main 
crystalline solid subcategories: polymorphs (materials that can exist in more than one crystalline 
form), solvates and hydrates (materials that incorporate one or more solvent molecules into their 
crystal structure; if the solvent is water they are called hydrates), and co-crystals (a crystalline 
material comprised of two or more crystalline solids) (Cui, 2007). Amorphous solids, on the 
other hand, lack the three-dimensional long-range order found in crystalline solids, exhibiting 
some short-range order that does not extend beyond the scale of a few molecules (Cui, 2007; 
Einfalt et al., 2013; Hilden and Morris, 2004). The limited molecular ordering in amorphous 
solids creates a nonequilibrium solid state with excess free energy and entropy (Hancock and 
Zografi, 1997). Amorphous solids are further classified based on their ability to recrystallize; 
those that are able to recrystallize under favorable conditions, such as sucrose, are termed 
crystallizable, while those that do not recrystallize even under favorable conditions, such as 
polydextrose, are termed non-crystallizable (Schmidt, 2012).  
2.2 Thermal behavior of crystalline and amorphous solids 
Crystalline solids exhibit a first-order phase transition known as melting. In general, 
melting is defined as the transition from the solid crystalline phase of a material to the liquid 
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phase, or the complete loss of crystalline structure (Wunderlich, 1990). Melting is commonly 
measured by heating a crystalline solid at a specific heating rate using Differential Scanning 
Calorimetry (DSC), which measures the relative heat flow to a sample compared to an empty 
reference pan as temperature is changed at a constant rate (Hartel et al., 2011). When studied in a 
DSC, melting is observed as an endothermic peak associated with the increase in enthalpy of the 
material (Menczel et al., 2009). From the melting peak, critical thermal parameters, including 
onset melting temperature (Tm onset in °C), peak melting temperature (Tm peak in °C), and enthalpy 
of melting (ΔH in J/g) can be determined, which provide important details about the 
characteristics of the crystalline material (e.g., purity, type, size) (Figure 2.2). Although melting 
has historically been considered to be a thermodynamic event that occurs at a single, time-
independent (i.e., heating rate independent) temperature with no change in a material’s chemical 
composition, the melting temperatures reported for some crystalline solids in the literature vary 
widely (Lee et al., 2011a). For example, Lee et al. (2011a, 2011b) demonstrated that the initial 
loss of crystalline structure in sucrose, fructose, and glucose is caused by thermal decomposition 
rather than by thermodynamic melting, and proposed that the term “apparent melting” be used to 
distinguish the loss of crystalline structure initiated by thermal decomposition from 
thermodynamic melting. 
Compared to crystalline solids, amorphous solids may exhibit several thermal transitions 
upon heating, most notably the glass transition (Figure 2.3). The glass transition temperature (Tg) 
is defined as the temperature at which a reversible transition occurs between the solid amorphous 
(glassy) state and the supercooled liquid (rubbery) state, resulting in significant changes in 
material properties, including a decrease in viscosity and an increase in molecular mobility 
(Sperling, 2006). As a second-order transition, the glass transition does not result in an enthalpic 
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peak as with melting, but rather is observed in a DSC curve as a shift in the baseline indicating a 
step-change in specific heat (ΔCp) (Menczel et al., 2009). Because the glass transition occurs 
over a range of temperatures, rather than at a single temperature, the Tg value is often reported as 
the temperature at the half-height of the heat capacity increase (Tg midpoint), although the onset and 
endset temperatures may also be reported to indicate the range (Figure 2.4) (ASTM International, 
2014; Gabbott, 2008; Hartel et al., 2011; Menczel et al., 2009). Upon further heating above the 
glass transition temperature, some amorphous solids, given sufficient time and molecular 
mobility, will crystallize rapidly at low crystallization temperatures (Menczel et al., 2009); this 
exothermic event is generally referred to as cold crystallization (Tc), though a variety of other 
terms have been used in the literature, including crystallization (Roos and Karel, 1991, 1992), 
recrystallization (Liao et al., 2002), instant crystallization temperature (Haque and Roos, 2006; 
Mazzobre et al., 2001; Zhou and Roos, 2011), spontaneous recrystallization (Bhugra and Pikal, 
2008), heat-induced crystallization (Berggren and Alderborn, 2003), and thermally induced 
crystallization (Scheirs, 2000). After recrystallizing, the newly formed crystalline material will 
transition from the crystalline solid phase to the liquid phase if further heating is applied. 
2.3 Water sorption behavior of crystalline and amorphous solids  
In crystalline solids, water uptake typically depends on the available surface area of the 
material (Ahlneck and Zografi, 1990). At low and intermediate relative humidity values, 
crystalline solids will adsorb a finite amount of water onto their surface and participate in 
capillary condensation, the process by which surface tension effects cause the direct 
condensation of moisture into pores, surface defects, and/or material contact points (Figure 2.5) 
(Billings et al., 2006). In the case of hydrate-forming crystalline solids, such as glucose, at a 
temperature-dependent critical relative humidity, hydrate formation will occur, a process by 
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which water is incorporated into the anhydrous structure of a material while it remains in the 
solid crystalline state (Heinz et al., 2009). If the percent relative humidity of a hydrate-forming 
crystal is further increased, the material will undergo deliquescence, producing a saturated 
solution. On the other hand, non-hydrate forming crystalline solids, such as sucrose, only exhibit 
deliquescence at elevated relative humidities (Schmidt, 2012). For both hydrate and non-hydrate 
forming crystals, the percent relative humidity (%RH) at which deliquescence occurs, termed 
RH0, is a unique property of the crystalline solid that varies as a function of temperature (Lipasek 
et al., 2013; Mauer and Taylor, 2010). Compared to crystalline solids, water uptake in 
amorphous solids is generally significantly greater and depends on the total mass of amorphous 
solid (Zografi, 1988). Rather than adsorbing water onto their surface, amorphous solids absorb 
water into their bulk structure at all relative humidity values (Schmidt, 2012). While amorphous 
solids are generally stable at low relative humidities, at high enough relative humidities, water 
within the amorphous solid can act as a plasticizer, resulting in an increase in free volume and 
molecular mobility, and a corresponding decrease in the glass transition temperature of the solid 
(Ahlneck and Zografi, 1990; Zografi, 1988). This reduction in Tg has been shown to allow 
amorphous solids to readily undergo solid state chemical reactions and moisture-induced 
crystallization, which may or may not be accompanied by water loss, depending on whether the 
material forms a crystal hydrate upon crystallization (Ahlneck and Zografi, 1990; Schmidt, 
2012). In the case of amorphous sucrose, moisture-induced crystallization causes release of 
previously absorbed water (Schmidt, 2012). 
2.4 Methods of amorphization 
There are various preparation routes described in the literature to obtain the amorphous 
state of a material: vapor condensation, supercooling of liquid, precipitation from solution, and 
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disruption of the crystalline lattice (Figure 2.6) (Bhugra and Pikal, 2008; Hancock and Zografi, 
1997; Hilden and Morris, 2004). While many specific amorphization methods exist for each 
preparation route, only the methods utilized in this dissertation research will be described in 
further detail.  
Vapor condensation 
Vapor condensation, also known as vapor deposition, generates an amorphous solid via 
deposition of a material in the vapor state onto a substrate maintained at a very low temperature 
(Angell, 1981; Elliott, 1990a; Zallen, 1983; Zarzycki, 2006). The large temperature difference 
between the vapor molecules and cooled substrate causes the kinetic energy of the vapor 
molecules to dissipate so rapidly that they do not have an opportunity to organize themselves and 
thus become “frozen” in a nonequilibrium state (Angell, 1981; Zallen, 1983). Vapor 
condensation is a simple and effective amorphization method most commonly used for 
producing semiconducting amorphous thin films for electronic and optical applications (Elliott, 
1990a; Gutzow and Avramov, 1974; Zallen, 1983; Zarzycki, 2006).   
Supercooling of liquid 
Melt-quenching involves cooling a melt sufficiently fast such that the molecules are not 
able to rearrange themselves into a crystalline lattice due to the rapidly increasing viscosity of 
the system and therefore they become “frozen” in a more disordered state (Einfalt et al., 2013; 
Taylor and Shamblin, 2009; Willart and Descamps, 2008). Figure 2.7 depicts the energetics 
associated with crystallization and melt-quenching. When a liquid is cooled slowly, it undergoes 
a large, instantaneous decrease in enthalpy and specific volume at a characteristic temperature 
called the crystallization temperature or freezing point (Tc), which is the same as the melting 
temperature (Tm); below this temperature, the material exists in the crystalline state (Debenedetti 
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and Stillinger, 2001; Menczel et al., 2009; Zallen, 1983). However, when a liquid is cooled 
rapidly, crystallization is avoided, and the liquid enters into a state where its enthalpy and 
specific volume are higher than those of the corresponding crystalline solid. This amorphous 
state is defined as the supercooled liquid or rubbery state. As the temperature of the system is 
further decreased, the ability of the molecules to attain an equilibrium order becomes 
progressively more difficult, resulting in a change in the temperature dependence of the enthalpy 
and volume. The temperature at which this departure from equilibrium occurs is called the glass 
transition temperature, Tg. Below the glass transition temperature, the melt-quenched material 
enters into the glassy state. The cooling rate selected to produce a melt-quenched amorphous 
substance is extremely important, as Tg depends on cooling rate (Figure 2.7). The slower a melt 
is cooled, the more time the molecules have to rearrange and thus the lower the temperature that 
the liquid can remain in equilibrium. Consequently, the properties of a melt-quenched substance 
are highly dependent on the cooling rate employed; a faster cooling rate produces a melt-
quenched material with a lower density (greater free volume), greater enthalpy, and higher Tg 
value than a melt-quenched material formed via a slower cooling rate (Debenedetti et al., 2001; 
Debenedetti and Stillinger, 2001; Ediger et al., 1996; Zallen, 1983). Although it is one of the 
simplest amorphization methods, a significant disadvantage to melt-quenching is the potential for 
thermal decomposition during the melting step, which results in the formation of thermal 
decomposition products that may lower the glass transition temperature of the melt-quenched 
amorphous material (Einfalt et al., 2013; Lee et al., 2011c; Patterson et al., 2005). 
 Spin-melt-quenching produces the amorphous state via a melting and spin quench-
cooling process (Labuza et al., 2010). A common food-related example of spin-melt-quenching 
is cotton candy making, which involves melting colored and flavored crystals, typically sucrose, 
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in a spinning head with holes. Once liquefied, the molten sucrose flows through the holes, 
forming thin strands that quickly cool to ambient temperatures to form a glassy candy floss 
(Hartel et al., 2011; Hartel and Hartel, 2014). 
Precipitation from solution 
 Freeze-drying involves the rapid removal of a solvent, typically water, from a frozen 
solution via sublimation, which inhibits the rearrangement of the solute molecules into an 
ordered state. The process consists of three stages: 1) freezing, which converts the water in the 
solution into ice, 2) primary drying, which removes the ice through the process of sublimation, 
and 3) secondary drying, which eliminates any residual, unfrozen water from the solidified 
matrix via desorption (Einfalt et al., 2013; Franks, 2007; Ratti, 2012; Shalaev and Franks, 2002). 
In a typical freeze-drying process, both primary and secondary drying occur concomitantly under 
vacuum (Ratti, 2012; Roos, 2010). To successfully amorphize a material via freeze-drying, the 
initial freezing step preceding freeze-drying must ensure that the material achieves its maximally 
freeze-concentrated state (Roos, 2010; Tang and Pikal, 2004). When a solution is cooled below 
its freezing temperature, ice crystallization causes the solute phase to become increasingly more 
concentrated until it forms a glass at Tg’, the glass transition temperature of the maximally 
freeze-concentrated state (Ratti, 2012; Roos, 2010; Roos et al., 2017; Tang and Pikal, 2004). The 
maximally freeze-concentrated state enables the unfrozen phase to support its weight and, more 
importantly, resist viscous flow (collapse) during the sublimation of ice (Roos, 2010). Collapse 
during freeze-drying is an undesirable physical change due to ice melting that results in a 
significant increase in residual water content, decrease in water removal rate, and loss of product 
structure and porosity (Roos, 1995a; Tsourouflis et al., 1976). To avoid collapse, the temperature 
of the material must be maintained throughout primary drying below Tm’, the onset temperature 
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of ice melting in a maximally freeze-concentrated system (Bellows and King, 1972; Levi and 
Karel, 1995; Roos, 1997). Freeze-drying is used extensively in the food and pharmaceutical 
industries to produce high-quality ingredients and products with minimal changes in structure, 
texture, appearance, flavor, and nutrition (Barbosa-Cánovas et al., 2005; Ratti, 2012). Despite its 
many advantages, freeze-drying is a very expensive, time and energy-intensive process (Ratti, 
2012; Tang and Pikal, 2004). 
 Spray-drying converts a solution into amorphous, spherical-shaped particles in a single 
processing step. The spray-drying process begins by pumping a solution into an atomizer, which 
transforms the liquid into small droplets that are discharged into a drying chamber. Upon 
entering the drying chamber, the droplets are contacted with and suspended by a stream of hot 
gas, typically air, which rapidly evaporates the solvent, ultimately reducing the droplets to solid 
amorphous particles. The dried particles are then separated from the drying gas using a cyclone 
and collected (Ameri and Maa, 2006; Barbosa-Cánovas et al., 2005; Oakley, 1997; Singh and 
Van den Mooter, 2016). Various aspects of the spray-drying process significantly impact its 
ability to amorphize a material, including the atomization parameters, and the inlet and outlet 
temperatures of the drying gas (Ameri and Maa, 2006; Singh and Van den Mooter, 2016). 
Atomization is a critical step in the spray-drying process, as it generates a large surface area over 
which heat and mass transfer between the droplet and drying medium can take place, allowing 
for solvent evaporation to occur within a relatively short period (Oakley, 1997; Singh and Van 
den Mooter, 2016). The inlet temperature of the drying gas directly affects the heat and mass 
transfer in the spray-dried droplet, as a higher drying temperature increases the heat transfer to 
the droplet, resulting in a higher solvent evaporation rate. Solvent evaporation rate is a key factor 
in decreasing the extent of solute nucleation; thus a higher solvent evaporation rate can prevent 
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crystallization and cause the solute molecules to become “frozen” in a disordered molecular 
configuration (Martins et al., 2012; Wu et al., 2011). The outlet temperature of the drying gas, 
which is directly related to the inlet drying temperature, significantly affects the residual solvent 
content of the spray-dried product (Ameri and Maa, 2006; Singh and Van den Mooter, 2016). It 
is well-established that any miscible solvent, including water, added to an amorphous phase will 
act as a plasticizer and decrease the system Tg (Lechuga-Ballesteros et al., 2002; Roos, 1995b). 
Thus, residual solvent content is an important factor that directly impacts the final spray-dried 
product texture and stability (Singh and Van den Mooter, 2016). For example, if the outlet 
temperature is higher than the spray-dried product Tg at a given residual solvent content, the 
material may remain in the rubbery state, resulting in the particles sticking to the drying chamber 
walls or each other (Bhandari et al., 1997a; Bhandari and Howes, 1999; Einfalt et al., 2013). 
Stickiness is a common issue in spray-drying sugar-rich foods, such as fruit juices and honey, 
due to their low Tg (Bhandari et al., 1997b; Bhandari and Howes, 1999; Roos et al., 1996). 
Despite this problem, spray-drying is generally recognized as an attractive drying method for a 
wide range of food and pharmaceutical applications due to its rapid drying times, which are good 
for heat-sensitive materials, and ability to produce free-flowing powders with a well-defined 
particle size range (Barbosa-Cánovas et al., 2005; Masters, 1991; Oakley, 1997). In addition to 
the issue of stickiness, other disadvantages of spray-drying include high installation costs and 
high energy requirements (Masters, 1991). Numerous dried food products are produced by spray-
drying: dairy products (e.g., milk powders, ice cream mixes, whey proteins), coffee and tea 
extracts, baby foods, and eggs (Barbosa-Cánovas and Vega-Mercado, 1996; Oakley, 1997). 
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Disruption of the crystalline lattice 
Milling, also referred to as communition or grinding, is commonly used as a method to 
reduce the particle size of active pharmaceutical ingredients and excipients (Einfalt et al., 2013; 
Willart and Descamps, 2008). However, milling has also been shown to amorphize a wide 
variety of transition metals (Hellstern and Schultz, 1986; Politis and Johnson, 1986), inorganic 
compounds (Fan et al., 1997; Shen et al., 1994), and, more recently, organic compounds (Font et 
al., 1997; Tsukushi et al., 1995; Willart et al., 2004, 2001). The mechanism of amorphization via 
mechanical milling is not yet understood, and many theories have been put forth to explain how 
the transformation from the crystalline to the amorphous state takes place during milling (Einfalt 
et al., 2013; Suryanarayana, 2001; Willart et al., 2004). Early researchers postulated that the high 
energetic milling created transitory “hot spots” in the powder that resulted in localized melt-
quenching of the material (Suryanarayana, 2001; Willart et al., 2004). However, studies suggest 
that the melt-quenching mechanism is most likely untrue, as temperature measurements taken 
inside the milling apparatus indicate that the temperature increase during milling is not large 
enough to cause melting (Suryanarayana, 2001). Currently, it is thought that the process of 
milling converts crystalline material directly to the amorphous state by introducing a variety of 
structural defects, such as vacancies, dislocations, and grain boundaries, which disrupt the 
crystalline lattice structure and increase the free energy of the system (Einfalt et al., 2013; 
Suryanarayana, 2001). In ball milling, a specific type of milling, disruption of the crystalline 
lattice structure is achieved by the repeated impact of a grinding medium, typically steel or 
ceramic balls, against the crystalline material due to either back-and-forth shaking, as in a shaker 
mill, or axial rotation, as in a planetary ball mill (Suryanarayana, 2001). Compared to solution-
based amorphization methods, such as freeze-drying and spray-drying, milling is able to produce 
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large amounts of material at a low cost (Koch, 1997). Nevertheless, milling is an energy-
consuming process that often requires milling times of several hours to successfully amorphize a 
material (Einfalt et al., 2013).     
2.5 Characterization of the amorphous state 
 Due to the complex nature of the amorphous state, no single analytical technique exists 
that can gather all the information necessary to characterize an amorphous solid. Therefore, a 
wide range of techniques is often utilized together to enable a comprehensive characterization of 
amorphous materials (Guo et al., 2013; Yu, 2001). A brief introduction to the analytical methods 
selected for this dissertation research follows. 
Thermal analytical methods 
 Standard differential scanning calorimetry (SDSC), commonly abbreviated as DSC, is 
the most frequently used thermal analytical technique, which measures the difference in heat 
flow rate between a sample and an inert reference as a function of temperature and time. By 
measuring the changes in energy that a sample undergoes as it is heated, cooled, or held 
isothermally, DSC provides qualitative and quantitative information about a range of thermal 
events, including the glass transition, crystallization, curing, melting, and decomposition (Figure 
2.8) (Gabbott, 2008; Menczel et al., 2009; Mohomed, 2016a; Thomas and Schmidt, 2017). 
Two different types of DSC instrument designs exist: power compensation and heat-flux 
DSC (Gabbott, 2008; Menczel et al., 2009; Thomas and Schmidt, 2017). In a power 
compensation DSC, the sample and reference pans are held in separate heating chambers, each 
with their own furnace (Figure 2.9). During an experiment, both the sample and reference pans 
are subjected to the same, pre-programmed linear heating rate. When a sample undergoes an 
endothermic or exothermic event, more or less heat, respectively, is required for the temperature 
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of the sample pan to remain the same as that of the reference pan. Consequently, power to the 
sample furnace is either increased or decreased to correct for the temperature imbalance between 
the sample and reference pans (Gabbott, 2008; Menczel et al., 2009; Sichina, 2000). Since the 
power difference necessary to maintain the sample and reference pans at the same temperature is 
proportional to the heat flow, power compensation DSC is a direct measure of the energy 
changes occurring in a material (Gabbott, 2008; Sichina, 2000). 
Compared to power compensation DSC, heat-flux DSC utilizes a common furnace for 
both the sample and reference pans (Figure 2.10) (Gabbott, 2008; Thomas and Schmidt, 2017). 
The sample and reference pans each sit on their own cylindrical, constantan platform, which 
functions as thermocouple due to the contact between the platform and a thin chromel disk 
welded to its underside. When a sample experiences a thermal transition, the resulting 
temperature difference between the sample and reference pans is measured by the thermocouples 
(Danley, 2003a). Unlike power compensation DSC, which produces a differential power signal 
that is directly proportional to heat flow, heat-flux DSC output — the difference between the 
sample and reference pan temperatures — must be converted to a heat flow signal using a 
mathematical model (Danley, 2003a; Gabbott, 2008). The conventional heat flow model, given 





where q̇ is the heat flow rate, ∆T is the measured temperature difference between the sample and 
reference pans, and R is the thermal resistance, makes several assumptions: 1) the instrument is 
perfectly symmetrical, and thus the heat flow signal of the empty DSC is zero, 2) the thermal 
resistances of the sample and reference sensors are equal, and 3) the sample and reference 
experience identical heating rates (Danley, 2003a, 2003b; Mohomed, 2016a). Unfortunately, 
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these assumptions result in a decrease in instrument sensitivity and resolution due to baseline 
curvature and unequal sample and reference heating rates, respectively (Danley, 2003a; 
Mohomed, 2016a).  
 To overcome the limitations of the conventional heat flow model, a more comprehensive 
heat flow measurement equation and heat-flux DSC sensor design were developed by TA 


















where ∆T0 is the temperature difference between the sample sensor and Tzero thermocouple, Rs is 
the thermal resistance of the sample sensor, Rr is the thermal resistance of the reference sensor, 
Cr is the heat capacitance of the reference sensor, Cs is the heat capacitance of the sample sensor, 
dTs
dt
 is the heating rate of the sample sensor, and d∆T
dt
 is the difference in sample and reference 
sensor heating rates (Danley, 2003a, 2003b; Thomas, 2006). The first term in the equation is 
equivalent to the conventional heat flow model (Equation 1). The second and third terms account 
for differences between the sample and reference thermal resistances and heat capacities, while 
the fourth term accounts for differences between the sample and reference heating rates (Danley, 
2003a, 2003b). To perform the additional temperature measurements, a third thermocouple 
(denoted Tzero), comprised of a constantan and a chromel wire located equidistant from the 
sample and reference platforms, was added to the original heat-flux DSC design (Figure 2.10) 
(Danley, 2003a; Menczel et al., 2009). The addition of the Tzero thermocouple, along with the use 
of a more comprehensive heat flow equation, has increased instrument sensitivity and resolution, 
20 
 
allowing for better detection of weak thermal events and improved separation of overlapping 
transitions (Danley, 2003a; Mohomed, 2016a). 
 Although DSC has been used successfully to study the thermal behavior of a wide range 
of materials, the technique has some well-known limitations. The most serious limitation of DSC 
is that it measures the sum of the heat flows within the calorimeter, which makes data 
interpretation challenging when a sample undergoes multiple transitions over the same 
temperature range. In addition, both sensitivity and resolution cannot be optimized in a single 
DSC experiment, as higher heating rates improve sensitivity, while lower heating rates improve 
resolution (Thomas, 2006; Thomas and Schmidt, 2017). Another type of DSC, modulated 
differential scanning calorimetry (MDSC), overcomes the limitations of standard DSC by 
measuring both the total heat flow and its heat capacity component, obtaining the kinetic 
component from their difference, using two simultaneous heating rates (Thomas, 2006). The 
principles of modulated differential scanning calorimetry will be discussed in the next section. 
 Modulated differential scanning calorimetry (MDSC) is a specific kind of DSC 
experiment that is performed on a SDSC instrument. It utilizes two simultaneous heating rates: a 
linear or average heating rate, which provides information similar to that obtained by standard 
DSC, and a sinusoidal or modulated heating rate, which allows for measurement of the sample’s 
heat capacity (Thomas, 2006; Thomas and Schmidt, 2017). The modulated heating rate is 
determined by selecting a modulation period (time in seconds) and modulation temperature 
amplitude (±ºC). The benefits of MDSC as compared to traditional DSC can be understood by 







+ 𝑓𝑓(𝑇𝑇, 𝑑𝑑) (2.3) 
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In Equation 2.3, dH
dt
 is the total heat flow, Cp
dT
dt
 is the reversing heat flow or heat capacity 
component of the total heat flow, and ƒ(T,t) is the nonreversing heat flow or kinetic component 
of the total heat flow, which is the difference between the total heat flow and heat capacity 
component. In standard DSC, only the total heat flow signal, dH
dt
, is measured. In MDSC, 
however, the dual heating rates allow for both the total heat flow and its heat capacity component 
to be measured, and the kinetic component to be calculated from their difference. As a result, 
MDSC can separate kinetic processes (e.g., decomposition, enthalpic recovery, and cold 
crystallization), from changes in heat capacity (e.g., glass transition) and most melting, allowing 
for the resolution of complex thermal transitions (Figure 2.11). The ability of MDSC to separate 
the total Heat Flow signal into its component parts also eliminates the need for a stable baseline 
in the total Heat Flow signal in order to detect weak transitions. Unlike standard DSC, where the 
total heat flow signal is a measure of the absolute heat flow, MDSC uses the ratio of the 
amplitudes of the modulated heat flow and modulated heating rate signals to determine the 
reversing heat flow (Equations 2.4 and 2.5). By utilizing the ratio of two measured values, 
MDSC produces a signal that eliminates baseline curvature and drift, thus improving the ability 
to measure small transitions. 
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐶𝐶𝑝𝑝 =
𝑀𝑀𝑀𝑀𝑑𝑑𝑀𝑀𝑀𝑀𝑎𝑎𝑑𝑑𝑅𝑅𝑑𝑑 𝑑𝑑𝑅𝑅𝑎𝑎𝑑𝑑 𝐹𝐹𝑀𝑀𝑀𝑀𝐹𝐹 𝐴𝐴𝐴𝐴𝐴𝐴𝑀𝑀𝑅𝑅𝑑𝑑𝑀𝑀𝑑𝑑𝑅𝑅
𝑀𝑀𝑀𝑀𝑑𝑑𝑀𝑀𝑀𝑀𝑎𝑎𝑑𝑑𝑅𝑅𝑑𝑑 𝑑𝑑𝑅𝑅𝑎𝑎𝑑𝑑𝑅𝑅𝑅𝑅𝑅𝑅 𝑅𝑅𝑎𝑎𝑑𝑑𝑅𝑅 𝐴𝐴𝐴𝐴𝐴𝐴𝑀𝑀𝑅𝑅𝑑𝑑𝑀𝑀𝑑𝑑𝑅𝑅
∗ 𝐾𝐾𝐶𝐶𝑝𝑝𝑅𝑅𝑅𝑅𝑅𝑅 (2.4) 
where: KCprev = calibration constant for reversing Cp 
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑑𝑑𝑅𝑅𝑎𝑎𝑑𝑑 𝐹𝐹𝑀𝑀𝑀𝑀𝐹𝐹 = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐶𝐶𝑝𝑝 ∗ 𝐴𝐴𝑅𝑅𝑅𝑅𝑅𝑅𝑎𝑎𝑅𝑅𝑅𝑅 𝑑𝑑𝑅𝑅𝑎𝑎𝑑𝑑𝑅𝑅𝑅𝑅𝑅𝑅 𝑅𝑅𝑎𝑎𝑑𝑑𝑅𝑅 (2.5) 
The dual heating rates employed in MDSC also enable both sensitivity and resolution to 
be optimized in a single experiment. In standard DSC, the sensitivity of an experiment can be 
improved by increasing sample size and/or heating rate; however, both these changes decrease 
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experimental resolution. In MDSC, a low linear heating rate can be utilized to improve 
resolution, while a high sinusoidal heating rate can be simultaneously applied to improve 
sensitivity (Thomas, 2006). 
 Thermogravimetric analysis (TGA) is a thermal analytical technique that measures the 
amount and rate of weight change of a material in a controlled atmosphere as a function of 
temperature and time (Bottom, 2008; Mohomed, 2016b; TA Instruments, 2006). TGA provides 
valuable information about the thermal or oxidative stability of a material, as well as its 
composition (Mohomed, 2016b; Thomas and Schmidt, 2017). The technique can be used to 
characterize a material that exhibits weight loss or gain due to various processes, including 
evaporation, decomposition, oxidation, and gas adsorption or desorption (Bottom, 2008; 
Mohomed, 2016b; TA Instruments, 2006; Thomas and Schmidt, 2017).  
Figure 2.12 depicts a schematic diagram of a typical TGA instrument, such as the TGA 
Q500 (TA Instruments, New Castle, DE) utilized in this research. The TGA is comprised of a 
balance, a sample platform, a furnace, a heat exchanger, and two mass flow controllers (TA 
Instruments, 2006). A sample, typically weighing between 10-20 mg, is loaded into a pan and 
then onto a hang-down wire attached to the balance using the moveable sample platform (TA 
Instruments, 2006; Thomas and Schmidt, 2017). The balance detects changes in a material’s 
weight using two photodiodes, which convert light from an infrared LED source into current or 
voltage. At the zero position, associated with no weight change, equal amounts of light shine 
onto the two photodiodes. However, when a material gains or loses weight upon heating, the 
balance will move out of the zero position, resulting in an unequal amount of light shining on the 
photodiodes. To correct for this departure from the zero position, a current is applied to the 
balance to return it to equilibrium; the amount of current applied is proportional to the material’s 
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weight loss or gain (Brown, 2001; Mohomed, 2016b). The furnace, which raises up to enclose 
the suspended sample pan, controls the temperature and atmosphere to which the sample is 
exposed (TA Instruments, 2006). The temperature inside the furnace is measured by a 
thermocouple, which extends down about two millimeters above the sample pan (Brown, 2001; 
TA Instruments, 2006; Thomas and Schmidt, 2017). Heat from the furnace is dissipated via the 
heat exchanger, which circulates a liquid coolant, normally water, from a reservoir to the 
furnace. The two mass flow controllers control the purge gas to the balance and furnace (TA 
Instruments, 2006). The balance is purged with dry inert gases, such as nitrogen and argon, to 
protect it against any corrosive gases that may be released from the sample upon heating 
(Bottom, 2008). The furnace is typically purged with an inert gas (e.g., nitrogen, helium), 
however, a reactive gas (e.g., air, oxygen) may be used to measure the oxidative stability of a 
material (Bottom, 2008; TA Instruments, 2006; Thomas and Schmidt, 2017). 
Although TGA gives quantitative information about the weight change of a material, 
successive reactions may overlap in temperature and thus remain undetected. Improved 
temperature resolution of different reactions can be achieved by decreasing both the heating rate 
and sample size. In addition, TGA is not equipped to identify the composition of gases evolved 
from a sample and therefore cannot distinguish between loss of water vapor and low molecular 
weight components, such as flavors. To rectify this issue, TGA can be combined with a mass 
spectrometer or a Fourier transform infrared spectrometer to identify the chemical composition 
of off-gases (Bottom, 2008; Thomas and Schmidt, 2017).  
Chemical analytical methods 
 High-performance liquid chromatography (HPLC) is a versatile chemical analytical 
technique used to separate a mixture of compounds in order to identify, quantify, and purify the 
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individual components of the mixture (Matissek, 1993; Rasool Hassan, 2012; Reuhs, 2017). In 
the present study, HPLC was used to determine if sucrose decomposition components were 
formed during the different amorphization processes, as sucrose has been found to thermally 
decompose prior to and concomitantly with the loss of crystalline structure upon heating (Lee et 
al., 2011a, 2011b; Lu et al., 2017). 
 As shown in Figure 2.13, a basic HPLC system includes a pump, an injector, a column, a 
detector, and a data system. The pump delivers the mobile phase throughout the system in a 
controlled manner (Reuhs, 2017). Two modes of mobile phase elution exist: isocratic elution and 
gradient elution. In isocratic elution, the properties of the eluent remain constant throughout the 
analysis, while in gradient elution, the composition of the eluent is varied as the run progresses 
by mixing mobile phases from two or more reservoirs (Matissek, 1993; Reuhs, 2017). Selection 
of a suitable mobile phase or combination of mobile phases depends on the compatibility of the 
solvent(s) with the sample, as well as the stationary phase (Nissen and Kreysel, 1993). The 
injector adds a predetermined amount of sample into the flowing mobile phase for introduction 
onto the analytical column (Reuhs, 2017). Often, various auxiliary columns, particularly guard 
columns, are installed between the injector and analytical column and serve to protect the 
analytical column from strongly adsorbed sample components (Nissen and Kreysel, 1993; 
Reuhs, 2017). The analytical column contains a separation packing material, known as the 
stationary phase, which has specific characteristics that cause certain sample components to 
interact more strongly with the stationary phase than others. The differences in sample 
component-stationary phase interactions are responsible for the separation of the sample mixture 
into its individual components (Matissek, 1993; Reuhs, 2017).  
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In the case of carbohydrates, HPLC separation is often carried out using cation- or anion-
exchange columns. With cation- and anion-exchange columns, the stationary phase contains 
negatively and positively charged functional groups, respectively, that are initially complexed 
with an exchangeable counterion to neutralize the charge. To interact with the charged functional 
group, sample ions can exchange with the counterion; thus, separation is based on the differences 
in affinity between the sample ions and the charged sites bound to the stationary phase (Ismail, 
2017; Nissen and Kreysel, 1993; Peris-Tortajada, 2013; Reuhs, 2017). 
 As the individual sample components are eluted from the analytical column, one or more 
detectors convert the change in effluents into an electrical signal. The electrical responses 
provided by the detectors are transferred to the data system, where they are digitized and saved 
for future analysis (Nissen and Kreysel, 1993; Reuhs, 2017). The most widely used HPLC 
detectors include UV-Vis absorption, fluorescence, refractive index (RI), and electrochemical 
detectors (Reuhs, 2017). In the present study, a UV-Vis absorption detector was used for 5-HMF, 
and an RI detector was used for sucrose, glucose, and fructose. UV-Vis absorption detectors 
measure a sample component’s ability to absorb light at a specific wavelength or range of 
wavelengths in the ultraviolet or visible spectrum (Nissen and Kreysel, 1993; Reuhs, 2017). RI 
detectors measure the change in the refractive index of the mobile phase as sample components 
are eluted (Peris-Tortajada, 2013; Reuhs, 2017). Although RI remains the most widely employed 
detection method for carbohydrates, it lacks sensitivity and cannot be used with gradient elution, 
since changing elution composition would alter the mobile phase’s refractive index and thus 
affect the baseline signal (Reuhs, 2017).  
Recently, a new method for carbohydrate separation, high-performance anion-exchange 
chromatography coupled with pulsed amperometric detection (HPAEC-PAD), has emerged as 
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one of the best approaches for carbohydrate analysis. Unlike traditional HPLC methods for 
carbohydrate separation, HPAEC-PAD takes advantage of the fact that many carbohydrates are 
weak acids and that as a result, their hydroxyl groups can be partially or fully transformed into 
oxyanions under alkaline conditions. By combining a high pH-resistant strong anion-exchange 
column with a high pH mobile phase, HPAEC-PAD readily separates sugar alcohols, mono- , 
oligo- , and polysaccharides with high resolution in a single run. Moreover, coupling high-
performance anion-exchange chromatography with pulsed amperometric detection greatly 
improves the method’s sensitivity, as carbohydrates can be detected in amounts as low as 10 
pmol. Pulsed amperometric detection, more generally referred to as a pulsed electrochemical 
detection, measures the change in current that occurs when a sample component is oxidized or 
reduced by the application of voltage across a pair of electrodes (BeMiller, 2017; Corradini et al., 
2012; Peris-Tortajada, 2013; Reuhs, 2017). Because HPAEC-PAD is a particularly effective 
technique for separating oligosaccharides, it was utilized herein to detect and quantify 1-kestose.   
Diffraction analytical methods 
 Powder X-ray diffraction (PXRD) is a non-destructive analytical technique used to 
probe the atomic or molecular arrangement of a material (Dong and St. Jeor, 2017; Toraya, 
2016). PXRD is an indispensable method for materials characterization that allows for 
identification of crystalline phases, qualitative and quantitative analysis of mixtures, distinction 
between crystalline and amorphous states, determination of lattice parameters, and detection of 
preferred orientation, grain size, and material defects (Dong and St. Jeor, 2017; Sardela, 2014; 
Suryanarayana and Norton, 1998a; Toraya, 2016). X-ray diffraction is based on the concept of 
Bragg’s Law, which is expressed as: 
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𝑅𝑅𝑛𝑛 = 2𝑑𝑑 sin𝜃𝜃 (2.6)
where n is the order of diffraction, λ is the specific wavelength of the incident X-rays, d is the 
interplanar spacing between rows of atoms in a crystal, and θ is the angle of incidence. When the 
above equation is satisfied, the scattered X-rays interfere constructively, and the diffracted X-ray 
beam exits the crystal at an angle equal to that of the incident beam (Figure 2.14). In a typical 
XRD experiment, the wavelength of the incident X-ray (λ) is known, and the incident angles at 
which constructive interference occurs (θ) are measured. Therefore, by solving Bragg’s 
Equation, the characteristic interplanar spacing (or d-spacing) between the atoms in a material 
can be determined (Clearfield, 2008; Dong and St. Jeor, 2017; Suryanarayana and Norton, 
1998b; Toraya, 2016).  
The essential components of a powder X-ray diffractometer are the X-ray source, primary 
and secondary optics, specimen stage, and detector (Figure 2.15). The X-ray source generates X-
rays with a particular beam shape and focus. The most commonly used X-ray source is a sealed 
glass or ceramic tube, which produces X-rays when high-velocity electrons emitted from a 
tungsten wire cathode collide with a metal anode made of chromium, cobalt, copper, or 
molybdenum. Once the X-rays exit the sealed tube, the primary optics—a series of slits, mirrors, 
and/or pinholes—collimate and restrict the size and angular divergence of the X-ray beam before 
it reaches the specimen. In power X-ray diffraction, the specimen is typically a thin layer of 
powder that is spread onto a flat plate with a small depression cut into the center. A powder can 
be used instead of a single crystal to capture the diffraction pattern of a material because the 
individual grains in a powder are often randomly oriented. Consequently, some grains will 
always be favorably oriented with respect to the X-ray beam, allowing for diffraction from all the 
sets of lattice planes present in a single crystal to occur. However, if the specimen exhibits some 
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degree of preferred orientation, the relative intensities of the diffraction peaks may differ 
compared to those of a completely randomly oriented specimen due to the individual grains not 
being oriented in such a way that permits diffraction from certain lattice planes. Preferred 
orientation can be minimized by using a back- or side-loaded specimen holder, which decreases 
experimenter-induced preferred orientation common with top-loading specimen holders, where 
the powder is pressed into the holder using a glass slide. Spinning the sample during data 
collection can also help to minimize the effects of preferred orientation. After the X-ray beam 
has been diffracted by the specimen, it passes through the secondary optics, which, similar to the 
primary optics, serve to collimate and restrict the size and angular spread of the diffracted X-ray 
beam before it arrives at the detector. The detector then counts the number of X-ray photons 
scattered by the specimen and converts this value into an electronic signal. To generate the X-ray 
diffraction pattern of a material, a combination of two or more components, namely the X-ray 
source, specimen stage, and detector, move through a series of angles. In a θ-2θ scan, the X-ray 
source remains stationary while the specimen stage and detector move in a 1:2 angular ratio; in a 
θ-θ scan, both the X-ray source and detector move simultaneously in opposite directions while 
the specimen stage remains stationary (Clearfield, 2008; Reibenspies and Bhuvanesh, 2008; 
Sardela, 2014; Suryanarayana and Norton, 1998a). The typical diffraction pattern of a crystalline 
material includes a series of sharp peaks at specific 2θ values that correspond to X-rays 
diffracted by a particular set of lattice planes in the specimen. In contrast, the diffraction pattern 
of an amorphous material is characterized by one or more broad peaks, which result from the 
lack of long-range order in amorphous materials (Figure 2.16) (Sardela, 2014; Suryanarayana 
and Norton, 1998b)   
29 
 
Total scattering pair distribution function (TSPDF) is an alternative approach to 
traditional power X-ray diffraction that yields information about the nanoscale structure of 
complex and disordered materials (Billinge et al., 2010; Egami and Billinge, 2012a; Terban et 
al., 2016). It is a correlation function that describes the probability of finding two atoms in a 
material separated by a distance r (Egami and Billinge, 2012b). Compared to conventional 
powder X-ray diffraction analysis, which only utilizes Bragg peak intensities to determine 
material structure, TSPDF analysis includes both Bragg peak intensities and diffuse scattering, 
which provide information about average long-range structure and local structural imperfections, 
respectively (Billinge, 2008; Billinge and Kanatzidis, 2004; Egami and Billinge, 2012b; Terban 
et al., 2016). In general, total scattering experiments are similar to standard powder X-ray 
diffraction measurements, however, data must be collected over a wide range of momentum 
transfer values, Q, to allow for adequate resolution of the PDF peaks (Billinge, 2008; Billinge 
and Kanatzidis, 2004). Because Q is inversely related to λ, the wavelength of the incident X-
rays, by the equation: 




total scattering experiments are typically performed using short wavelength, high-energy X-rays 
from a molybdenum or silver source, or a synchrotron, with data acquired over a large range of 
angles (Billinge, 2008; Billinge and Kanatzidis, 2004; Dykhne et al., 2011). Collected data are 
corrected for experimental artifacts and normalized to obtain the total scattering structure 
function, S(Q), which is then Fourier transformed to yield the TSPDF, G(r) (Billinge, 2008; 
Billinge and Kanatzidis, 2004; Egami and Billinge, 2012b). Figure 2.17 shows an example 
TSPDF. The peaks in the G(r) function correspond to commonly occurring interatomic distances 
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in the material, and the function returns to the baseline if the probability of finding two atoms 
separated by that specific distance is zero (Bates et al., 2006; Billinge, 2008).  
Moisture-related analytical methods  
Water activity (aw) is defined as the ratio of the vapor pressure of water above a material 
to the vapor pressure of pure water at the same temperature and pressure (Labuza, 1968). In other 
words, water activity is a measure of the energy status of the water in a material, indicating the 
availability of water to act as a solvent and participate in microbial growth and chemical or 
biochemical reactions (Fontana, 2001; Labuza, 1977). Water activity also plays a role in the 
physical stability of materials (Bell and Labuza, 2000; Fontana, 2001; Schmidt, 2004). Water 
activity has been shown to affect the flow, caking, and clumping of amorphous food powders 
during storage, and empirical aw limits have been published for a number of amorphous food 
materials to maintain their stability (Chuy and Labuza, 1994; Peleg and Mannheim, 1977; Roos, 
1993; Saltmarch and Labuza, 1980). aw has also been found to predict the direction of moisture 
migration between materials or a material and its environment, as water activity is a driving force 
for moisture migration (Bell and Labuza, 2000; Labuza and Hyman, 1998). Thus, knowledge of 
the water activity of a material in relation to other components or the environment can be used to 
retard moisture transfer and maintain stability through product formulation and proper packaging 
(Ergun et al., 2010; Labuza and Hyman, 1998; Schmidt, 2004). Although the concept of aw has 
become a widely used tool in both the food industry and food science research, aw alone cannot 
explain changes in physical stability, and thus is often combined with moisture content and glass 
transition data (Roos 2007, Levine and Slade 1991).  
Various measurement methods have been developed to determine the water activity of a 
material (Schmidt, 2004). The water activity instrument employed in this research, an AquaLab 
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4TE DUO (Decagon Devices, Pullman, WA), uses the chilled-mirror dew point technique to 
measure the water activity of a sample (Decagon Devices, 2009; Fontana, 2001). The chilled-
mirror dewpoint technique is based on the principle that at equilibrium, the vapor pressure above 
a sample in a closed container becomes uniform, and that this vapor pressure can be measured by 
determining the temperature at which water just condenses on a chilled surface exposed to the 
vapor (known as the dew point temperature, Td) (Fontana, 2007, 2001; Reid, 2007). If the sample 
temperature (Ts) is recorded at the same time as Td, both temperatures can be used to calculate aw 
using the following equation:  




where po is the vapor pressure of pure water, which can be found in a table displaying the vapor 
pressures of water at a range of temperatures (Fontana, 2007; Reid, 2007).  
Figure 2.18 illustrates the configuration of a typical dew point cell, such as the AquaLab 
4TE DUO. The sample, which is placed in a sample cup, is equilibrated with the headspace of a 
sealed chamber containing a mirror, an optical reflectance sensor, an internal fan, and an infrared 
thermometer. A thermoelectric (Peltier) cooler precisely controls the mirror temperature, and a 
thermocouple attached to the mirror accurately measures the temperature at which condensation 
starts. The optical reflectance sensor emits a beam of infrared light onto the mirror, which is 
reflected back to a photo detector cell; when condensation first appears on the mirror, the photo 
detector registers a change in the reflectance of the light, causing the thermocouple attached to 
the mirror to record the dew point temperature. Once the dew point temperature is recorded, the 
sample temperature is measured with the infrared thermometer. The internal fan serves to 
improve air circulation, which reduces equilibration time and controls the boundary layer 
conductance of the chilled mirror surface (Decagon Devices, 2009; Fontana, 2007, 2001). Since 
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dew point measurement is a primary method based on fundamental thermodynamic principles, 
water activity instruments using chilled-mirror dew point technology do not require calibration. 
However, instrument performance should be verified using distilled water and a series of 
certified unsaturated salt standards of known water activities (Fontana, 2001). Chilled-mirror 
dew point instruments are generally suitable for measuring the water activity of a wide variety of 
materials, however, they may have limitations with samples containing high concentrations 
(>1%) of certain volatile compounds, such as acetic acid, ethanol, and propylene glycol, which 
can co-condense on the chilled mirror surface (Decagon Devices, 2009; Fontana, 2007).  
Karl Fischer titration is the most important and effective method for directly 
determining the moisture content of a material (Isengard, 2001, 1995). Because moisture content 
has a significant impact on the physical properties and stability of materials, particularly 
amorphous solids, moisture content determination is a fundamental characterization technique 
(Bradley, 2010; Ergun et al., 2010; Fontana, 2007). Unlike other direct moisture content 
measurement methods (e.g., oven drying, desiccation, distillation, extraction), which rely on 
physical separation of the water from other components in a sample, Karl Fischer titration is 
based on a two-step chemical reaction: 
𝑅𝑅𝑅𝑅𝑑𝑑 + 𝑆𝑆𝑅𝑅2 + 𝑍𝑍 → 𝑍𝑍𝑑𝑑+ + 𝑅𝑅𝑅𝑅𝑆𝑆𝑅𝑅2  (2.9) 
𝑍𝑍𝑑𝑑+ + 𝑅𝑅𝑅𝑅𝑆𝑆𝑅𝑅2− + 𝐼𝐼2 + 𝑑𝑑2𝑅𝑅 + 2𝑍𝑍 → 3𝑍𝑍𝑑𝑑+ + 𝑅𝑅𝑅𝑅𝑆𝑆𝑅𝑅3 + 2𝐼𝐼− (2.10) 
In the first step, an alcohol (ROH), typically methanol, is esterified with sulfur dioxide, 
and the resulting ester is neutralized by a base (Z) to yield an alkyl sulfite (ROSO2). In the 
second step, iodine oxidizes the alkyl sulfite in the presence of water to form an alkyl sulfate 
(ROSO3) (Isengard, 2001, 1995). Karl Fischer titration can be performed either coulometrically 
or volumetrically (Bradley, 2010; Isengard, 2001; Ruiz, 2001). In coulometric Karl Fischer 
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titration, iodine is generated electrolytically from iodide; in volumetric Karl Fischer titration, 
iodine is added in a solution (Bradley, 2010; Isengard, 2001). For both methods, the point at 
which all the water in the sample has been consumed in the reaction, known as the endpoint, is 
indicated by a sudden drop in current flowing between two platinum electrodes submerged in the 
working medium within the titration cell (Isengard, 2001; Ruiz, 2001). Coulometric Karl Fischer 
titration is ideal for samples with trace levels of moisture (<0.03%), while volumetric Karl 
Fischer titration is suitable for samples with moisture contents greater than 0.03% (Bradley, 
2010). Because of its accuracy, speed, and use of no heat, Karl Fischer titration is the preferred 
method for measuring the moisture content of many sugar-rich, low-moisture foods, including 
dried fruits and confections, which may decompose at the temperatures required for oven drying 
methods (Bradley, 2010; Ruiz, 2001). However, measurement accuracy can be compromised if 
the water in a sample does not come in direct contact with the Karl Fischer reagent, which may 
occur in the case of insoluble samples. As a result, only the surface water, and not the total water 
content, of the sample would be measured. In this case, moisture must first be extracted from the 
sample with an appropriate solvent, such as methanol; the methanol extract is then titrated with 
the Karl Fischer reagent (Bradley, 2010). 
Dynamic vapor sorption (DVS) is a gravimetric technique that measures changes in the 
mass of a sample at a constant temperature as it is exposed to a specific percent relative humidity 
(%RH) value, or a series of precisely controlled %RH step changes (Bradley and Mauer, 2017; 
Surface Measurement Systems, 2009). Compared to traditional desiccator methods for studying 
the moisture sorption properties of a material, where samples stored over saturated salt solutions 
of known relative humidity values must be regularly removed from their containers to be 
weighed, dynamic vapor sorption allows for continuous monitoring of sample weight changes 
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(Guo et al., 2013; Levoguer and Williams, 2006). In addition, the faster sample equilibration 
times, smaller sample size requirements, and more precise %RH control and mass determinations 
have made DVS an indispensable technique for understanding the sorption behavior of a wide 
range of materials (Bradley and Mauer, 2017; Levoguer and Williams, 2006). In particular, DVS 
has become a routine tool in the solid-state characterization of amorphous substances. DVS 
provides information on amorphous content (Hogan and Buckton, 2001; Mackin et al., 2002; 
Müller et al., 2015; Young et al., 2007), moisture-induced crystallization (Burnett et al., 2006; 
Hunter et al., 2010; Thielmann et al., 2008; Yu et al., 2008), and critical %RH associated with 
the glass transition (Burnett et al., 2004; Yuan et al., 2011), all of which play a key role in the 
stability and shelf-life of amorphous products (Guo et al., 2013).  
 A schematic of a DVS system is illustrated in Figure 2.19. A sample, weighing between 1 
mg and 4 g, is loaded into a sample pan and suspended from an ultra-sensitive microbalance 
housed within a precisely controlled, constant temperature incubator. Air with a specific %RH is 
then passed over the sample at a programmed flowrate and temperature. The desired %RH is 
produced using two electronic mass flow controllers, which accurately mix a specific ratio of dry 
and saturated carrier gas streams. When an experiment involves a series of %RH stages, the 
duration of a given stage depends on the specific length of time (from 1 to 9999 minutes) or 
dm/dt criterion (<0.005%) set by the experimenter. A relative humidity sensor and temperature 
probe are situated near the sample and verify the system performance. Due to the sensitivity of 
the balance, the balance head is continuously purged with dry gas to prevent vapor condensation 




Scanning electron microscopy (SEM) is a well-established and widely-used method to 
visualize the surface topography and morphology of a material (Reichelt, 2007; Vernon-Parry, 
2000). Compared to traditional optical microscopy, SEM offers magnifications up to 
1,000,000X, nanoscale-level resolution, and a large depth of field, which result in high-quality, 
three-dimensional-like images (Goldstein et al., 2003a; Vernon-Parry, 2000). As such, SEM has 
proved to be a useful technique for determining the morphology of amorphous food powders, 
particularly spray-dried dairy powders (Baechler et al., 2005; Haque and Roos, 2006; Saito, 
1985). In addition to its imaging capabilities, SEM can provide information on the chemical 
composition, crystalline structure, and electronic properties of a material (Vernon-Parry, 2000).  
The two major components of a SEM are the microscope column and the electronics 
console (Figure 2.20). The microscope column consists of an electron gun, a series of 
electromagnetic lenses and apertures, two pairs of electromagnetic deflection coils, a specimen 
stage, and several detectors (Goldstein et al., 2003b; Hafner, 2007; Vernon-Parry, 2000). The 
entire microscope column is held under vacuum, which allows the beam of electrons to travel 
through the column to the sample with little interaction with the residual gas molecules. The 
electron gun generates a stable beam of electrons and accelerates them to energies ranging from 
0.1-30 keV (Goldstein et al., 2003b). Three types of electron guns are commonly used in 
commercial SEM instruments; tungsten hairpin and lanthanum hexaboride (LaB6) filaments 
produce electrons upon heating to temperatures exceeding 2000ºC, while field emission guns 
produce electrons upon applying a very high electric field to a sharp metal tip. As the electron 
beam travels down the microscope column, the electromagnetic lenses demagnify and focus the 
electron beam, and the apertures minimize any lens-related aberrations (Goldstein et al., 2003b; 
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Hafner, 2007; Vernon-Parry, 2000). Once the beam emerges from the final lens, the electrons 
penetrate the sample in a teardrop-shaped volume known as the interaction volume, whose 
dimensions depend on the electron beam energy, the atomic masses of the elements in the 
sample, and the angle at which the electron beam impinges upon the sample (Vernon-Parry, 
2000). The electron beam-sample interaction produces various signals, including secondary, 
backscattered, and Auger electrons, as well as X-rays, all of which are collected by the detectors 
(Goldstein et al., 2003a; Hafner, 2007; Vernon-Parry, 2000). The signals most often used to 
construct SEM images are the secondary and backscattered electrons, as these vary as a result of 
surface topography differences (Goldstein et al., 2003a). SEM images are formed by combining 
the electron beam-sample interaction data from a series of discrete locations on the sample 
surface. The two pairs of electromagnetic deflection coils cause the electron beam to raster from 
left to right and top to bottom across the sample. The image generated appears on a monitor in 
the electronics control, which is also comprised of various knobs and a computer that control the 
electron beam (Goldstein et al., 2003b; Hafner, 2007; Vernon-Parry, 2000).  
2.6 Effect of amorphization method on physicochemical properties 
It is well-established that the physicochemical properties of amorphous solids depend on 
their previous thermal history, which is influenced by various factors including amorphization 
method (Bhugra and Pikal, 2008). The effect of amorphization method on physicochemical 
properties has been mainly explored in the pharmaceutical literature for a variety of active 
pharmaceutical ingredients, including indomethacin (Burnett et al., 2012; Karmwar et al., 2012, 
2011; Patterson et al., 2005; Savolainen et al., 2007), simvastatin (Graeser et al., 2009, 2008; 
Zhang et al., 2009), dipyridamole (Patterson et al., 2005), glibenclamide (Patterson et al., 2005; 
Wojnarowska et al., 2010), paracetamol (Qi et al., 2008), roxithromycin (Milne et al., 2016), and 
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ursodeoxycholic acid (Yonemochi et al., 1999, 1997), among others. Overall, these studies have 
found that for a given starting material, different amorphization methods generated amorphous 
products with dissimilarities in a wide range of physicochemical properties, such as morphology 
(Graeser et al., 2008; Milne et al., 2016), surface area (Milne et al., 2016; Yonemochi et al., 
1999), local structural order (Karmwar et al., 2012, 2011), solubility (Zhang et al., 2009), 
thermal behavior (Graeser et al., 2008; Karmwar et al., 2011; Patterson et al., 2005; Qi et al., 
2008; Savolainen et al., 2007; Wojnarowska et al., 2010; Yonemochi et al., 1999, 1997), and 
vapor sorption characteristics (Milne et al., 2016; Yonemochi et al., 1999). To date, only a few 
research studies have investigated the physicochemical properties of differently amorphized 
carbohydrates (i.e., sucrose, lactose, trehalose) (Bordet et al., 2016; Haque and Roos, 2006; 
Kinugawa et al., 2015; Mathlouthi, 1995, 1975, 1973; Mathlouthi et al., 1986; Miao and Roos, 
2006; Saleki-Gerhardt and Zografi, 1994; Surana et al., 2004; te Booy et al., 1992; Terban et al., 
2016); of these studies, the most comprehensive focused on amorphous trehalose prepared by 
freeze-drying, spray-drying, melt-quenching, and dehydration (Surana et al., 2004). Similar to 
the findings reported in the pharmaceutical literature, Surana et al. (2004) observed that 
amorphous trehalose prepared by different amorphization methods differed in particle size, 
surface area, morphology, thermal behavior, and rate and extent of vapor sorption. Compared to 
the work published by Surana et al. (2004), previous studies involving differently amorphized 
sucrose have been limited in both the number and type of amorphization methods directly 
compared, as well as the physicochemical properties investigated, focusing primarily on the 
thermal behavior differences between freeze-dried and melt-quenched amorphous sucrose (Table 
2.1). Consequently, information regarding the effect of amorphization method on the 
physicochemical properties of amorphous sucrose must be pieced together from studies 
38 
 
examining individual amorphization methods, which could be problematic given the variation in 
experimental conditions employed to gather such characterization data.  
2.7 Importance of the amorphous state of sugars in food and pharmaceutical products  
Sugars, including sucrose, exist in the amorphous state in many food and pharmaceutical 
products (Table 2.2). The amorphous state provides these products with several advantageous 
properties. For example, the unique textural attributes of confections, the largest category of 
amorphous sugar-based food products, depend largely on the relationship of the confection’s 
glass transition temperature to its storage temperature (typically room temperature). Namely, 
confections whose glass transition temperature is greater than its storage temperature, such as 
hard candies, toffee, and brittles, contain sugar in its solid amorphous (glassy) state and are 
characterized by a hard, brittle texture. On the other hand, confections whose glass transition 
temperature is less than its storage temperature, such as ungrained caramels and chewy nougat, 
contain sugar in its amorphous rubbery state and are characterized by a soft, chewy texture 
(Hartel et al., 2011; Hartel and Nowakowski, 2017). In addition to affecting the texture of 
confections, the amorphous state of sugar also affects their appearance (Hartel et al., 2011). For 
example, the characteristic lack of molecular ordering of the amorphous state allows hard 
candies to have colors uniformly dispersed throughout the confection. In contrast, the highly 
ordered nature of the crystalline state prevents added colors from incorporating into the sucrose 
crystals that make up rock candy, instead forcing the majority of the colored compounds to 
remain on the surface (Hartel et al., 2018; Hartel and Shastry, 1991). The lack of molecular 
ordering of the amorphous state also results in higher dissolution rates of amorphous sugars 
compared to their crystalline counterparts, giving confections, such as cotton candy, their 
signature “melt-in-the-mouth” behavior (Hartel et al., 2018). The ability of amorphous sugars to 
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readily sorb large quantities of moisture has also proven beneficial in pharmaceutical 
applications, such as fast-dissolving tablets (Jeong et al., 2008; Sugimoto et al., 2001). However, 
due to their highly hygroscopic nature, amorphous sugar-based products have a strong tendency 
to sorb moisture from their surroundings and are thus prone to undergoing a variety of 
undesirable moisture-induced physical changes, including stickiness, caking, collapse, and 
recrystallization (Mathlouthi, 1995; Roos, 1995a; Schmidt, 2012). Finally, the amorphous state 
of sugars allows them to effectively stabilize labile biomolecules such as proteins and peptides 
(Mensink et al., 2017; Wang, 2000; Yu, 2001), as well as protect volatile flavors and essential 
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Figure 2.3: Typical DSC curve for a crystallizable amorphous solid illustrating the glass 





Figure 2.4: Illustration of the commonly reported transition points associated with the glass 











Figure 2.6: Schematic diagram illustrating the common amorphous state preparation routes 





Figure 2.7: Illustration of the temperature-dependent change in enthalpy or volume that occurs 
upon crystallization (dotted line) and glass formation (solid lines). Tc is the crystallization 
temperature, which is the same as the melting temperature (Tm). A slow cooling rate produces a 
melt-quenched material with a glass transition at Tga, while a faster cooling rate results in a melt-
quenched material with a glass transition at Tgb. (adapted from Debenedetti et al., 2001; 





Figure 2.8: Illustration of common thermal events observed using DSC, including the glass 
















Figure 2.11: Example MDSC curve of the polymer Xenoy (a blend of polybutylene terephthalate 
(PBT) and polycarbonate (PC)) with the total heat flow (green), reversing heat flow (blue), and 
nonreversing heat flow (red) signals indicated. This figure highlights the ability of MDSC to 
resolve complex and difficult-to-interpret thermal transitions, as seen in the total heat flow 
signal, into specific components (e.g., glass transition, cold crystallization, melting) (Mohomed, 










Figure 2.13: Schematic representation of a basic high-performance liquid chromatography 





Figure 2.14: Illustration of Bragg’s Law, showing X-rays scattering from crystal lattice planes, 
where λ is the wavelength of the incident X-rays, d is the interplanar spacing between crystal 
lattice planes, and θ is the angle of incidence (adapted from Clearfield, 2008; Dong and St. Jeor, 





Figure 2.15: Schematic of a simplified powder X-ray diffraction system (adapted from Sardela, 









Figure 2.17: Example TSPDF (bottom) of a ZnO powder derived schematically from the ab-
plane of the wurtzitic crystal structure (top). As indicated in the top figure, any atom of the 
sample serves as an arbitrary center from which all interatomic distances to all other atoms are 
measured. All distances are summed up and projected over the radius r. Consequently, the peaks 
in the G(r) function correspond to commonly occurring interatomic distances in the material, and 
the function returns to the baseline if the probability of finding two atoms separated by that 























Table 2.1: Summary of literature published directly comparing the physicochemical properties of 








crystallization onset time at 
30°C and 32.4%RH 







Moisture sorption behavior 
over time at 20°C and 20, 
27, 38, and 44%RH 
Freeze-dried sample sorbed moisture at 
all %RH conditions and recrystallized 
at 38 and 44%RH, melt-quenched did 





Thermal behavior upon 
heating at 10°C/min 
Freeze-dried sample exhibited cold 
crystallization, melt-quenched did not  




Thermal behavior upon 
heating  
Freeze-dried sample exhibited cold 
crystallization, melt-quenched did not 
Mathlouthi 
(1995); 




Thermal behavior upon 
heating at 10°C/min 
Freeze-dried sample exhibited cold 
crystallization, melt-quenched did not 




Structure (via PXRD, SEM, 
and electron diffraction) 
Freeze-dried sample contained 
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al., 1998). 
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glucose syrup, sucrose, dairy 
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following by cooling 
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Milk powder Spray or drum drying Lactose 
Ice cream Aeration and rapid freezing of ice cream mix Sucrose, lactose 
Freeze-dried products 
(e.g., fruit products 
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Freeze-drying Various 
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Spray-drying, freeze-drying, or 
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followed by direct compaction 
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Amorphous sucrose is an essential component of numerous food and pharmaceutical 
products due to its desirable textural attributes and high dissolution rate. Recently, interest has 
grown in studying amorphous materials prepared by different amorphization methods because 
preparation method has been demonstrated to influence the physicochemical properties of the 
resulting amorphous state. Thus, the objective of this research was to characterize the 
physicochemical properties of amorphous sucrose prepared by freeze-drying (FreD), spray-
drying (SprayD), ball milling (BallM), melt-quenching (MeltQ), and spin-melt-quenching 
(SpinMeltQ). Scanning electron microscopy indicated that FreD, SprayD, BallM, and SpinMeltQ 
formed distinct particles or strands, while MeltQ formed a single mass with few surface folds or 
cracks. Powder X-ray diffraction confirmed that BallM was semi-crystalline, while FreD, 
SprayD, MeltQ, and SpinMeltQ were X-ray amorphous. However, TSPDF suggested that subtle 
local molecular-level ordering differences existed, particularly between MeltQ and FreD, 
SprayD, and SpinMeltQ. Chromatographic analyses revealed that thermal decomposition 
indicator compounds were present in BallM, MeltQ, and SpinMeltQ, but not in FreD and 
SprayD. All amorphous sucrose samples exhibited a glass transition, however, the glass 
transition temperature (Tg) was found to decrease with increasing sample moisture content. In 
addition, FreD, SprayD, BallM, and SpinMeltQ exhibited an exothermic cold crystallization (Tc) 
peak, but MeltQ did not. Overall, this research provides evidence that sucrose is a material 
whose physicochemical properties are strongly influenced by amorphization method. This 
finding raises key questions regarding possible differences in the quality and long-term stability 
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of differently amorphized sucrose and highlights the importance of selecting processing methods 
based on end product quality and stability, in addition to economic considerations. 
3.2 Introduction 
Sucrose exists in the amorphous state in numerous low-moisture food (e.g., spray-dried 
flavors, confections) and pharmaceutical (e.g., fast dissolving tablets) products (Gharsallaoui et 
al., 2007; Hancock and Shamblin, 1998; Hartel et al., 2011; Jeong et al., 2008; Sugimoto et al., 
2001; White and Cakebread, 1966; Yu, 2001). The amorphous state provides these products with 
several advantageous physical properties, such as desirable textural attributes, high dissolution 
rate, and high solubility (Hartel et al., 2011; Mathlouthi, 1995; Roberts and Debenedetti, 2002; 
Yu, 2001). 
Amorphous sucrose can be prepared via a number of different methods, including melt-
quenching, spin-melt-quenching, freeze-drying, spray-drying, and ball milling (Elamin et al., 
1995; Font et al., 1997; Imamura et al., 2008; Labuza and Labuza, 2004; Leinen and Labuza, 
2006; Raemy et al., 1993; Roe and Labuza, 2005; te Booy et al., 1992; Tsukushi et al., 1995; 
Vanhal and Blond, 1999). Melt-quenching involves cooling molten sucrose sufficiently fast such 
that the molecules are not able to rearrange into a crystalline lattice due to the rapidly increasing 
viscosity of the system and, therefore, become “frozen” in a more disordered state (Einfalt et al., 
2013; Taylor and Shamblin, 2009; Willart and Descamps, 2008). Similar to melt-quenching, 
spin-melt-quenching produces the amorphous state of sucrose via a melting and spin quench-
cooling process (Labuza et al., 2010). A common food-related example of spin-melt-quenching 
is cotton candy making, which involves melting colored and flavored sucrose crystals in a 
spinning head with holes. Once liquefied, the molten sucrose flows through the holes, forming 
thin strands that quickly cool to ambient temperature to form a glassy candy floss (Hartel et al., 
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2011; Hartel and Hartel, 2014). Solution-based amorphization methods, such as freeze-drying 
and spray-drying, generate amorphous sucrose by removing the solvent via sublimation and 
evaporation, respectively, which inhibits rearrangement of the sucrose molecules into an ordered 
state (Ameri and Maa, 2006; Einfalt et al., 2013; Shalaev and Franks, 2002; Singh and Van den 
Mooter, 2016). In contrast to melt- and solution-based amorphization methods, which utilize an 
intermediate material (i.e., a melt or solution) to form the amorphous state, ball milling directly 
converts crystalline to amorphous sucrose via mechanical disruption of the crystalline lattice 
structure (Einfalt et al., 2013; Suryanarayana, 2001). Though all of the aforementioned methods 
result in the formation of amorphous sucrose, each amorphization method introduces different 
thermal histories (i.e., high temperature during melt-quenching versus low temperature during 
freeze-drying) and mechanical stresses to the amorphous material, creating various amorphous 
forms of the same starting material with differing energetic states (Bhugra and Pikal, 2008; Craig 
et al., 1999; Hancock et al., 2002; Shalaev and Zografi, 2002; Wunderlich, 2005). These 
differences in energetic states give rise to amorphous materials with differing physicochemical 
properties, which raises the question - to what extent do the physicochemical properties of 
amorphous sucrose vary as a result of differences in amorphization method? 
The effect of amorphization method on physicochemical properties has been mainly 
explored in the pharmaceutical literature for a variety of active pharmaceutical ingredients, 
including indomethacin (Karmwar et al., 2012, 2011; Savolainen et al., 2007a), simvastatin 
(Graeser et al., 2008; Zhang et al., 2009), dipyridamole (Patterson et al., 2005), and 
glibenclamide (Patterson et al., 2005; Wojnarowska et al., 2010), among others. Overall, these 
studies have found that for a given starting material, different amorphization methods generated 
amorphous products with dissimilarities in morphology (Graeser et al., 2008), local structural 
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order (Karmwar et al., 2012, 2011), and thermal behavior (Graeser et al., 2008; Karmwar et al., 
2011; Patterson et al., 2005; Savolainen et al., 2007a). A few research studies have compared the 
physicochemical properties of differently amorphized carbohydrates, however, the most 
comprehensive of these, which utilized four different preparation methods (i.e., freeze-drying, 
spray-drying, melt-quenching, and dehydration), focused on amorphous trehalose (Surana et al., 
2004). By comparison, the scope of studies involving amorphous sucrose has generally been 
limited to two amorphization methods, often freeze-drying and melt-quenching, and a few 
physicochemical characteristics, most commonly thermal behavior (Kinugawa et al., 2015; 
Mathlouthi, 1995; Mathlouthi et al., 1986; te Booy et al., 1992). Due to the considerable 
variation in the amorphization methods used to produce amorphous sucrose, additional research 
is needed to understand the entire range of physicochemical characteristics of differently 
prepared amorphous sucrose, including morphology and structural characteristics, and to explore 
the physicochemical characteristics of less common amorphization methods, such as spin-melt-
quenching.  
In general, a wide range of analytical techniques are used to study the “as is” properties 
of the amorphous solid, as well as specific factors (e.g., temperature and humidity) that promote 
or prevent solid state changes to the material, particularly crystallization (Guo et al., 2013; Yu, 
2001). Particulate-level properties, such as morphology or size distribution, are often studied 
using microscopic techniques, such as polarized light microscopy (PLM) or scanning electron 
microscopy (SEM) (Brittain et al., 1991; Einfalt et al., 2013). Structural characteristics (i.e., 
degree of crystallinity) of amorphous solids are commonly determined via powder X-ray 
diffraction (PXRD) (Brittain et al., 1991; Einfalt et al., 2013; Guo et al., 2013; Yu, 2001), 
although more recently, total scattering pair distribution function (TSPDF) analysis has proved to 
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be a useful, complementary tool for assessing subtle differences in the local structure of complex 
and disordered materials, as in the cases of differently prepared amorphous lactose (Terban et al., 
2016) and ß-trehalose (Bordet et al., 2016). Thermal analysis of amorphous solids, using 
techniques including differential scanning calorimetry (DSC) and thermogravimetric analysis 
(TGA), is widely employed to understand the thermal behavior of amorphous materials, most 
notably the glass transition (Brittain et al., 1991).    
In this study, several analytical techniques, including SEM, PXRD, TSPDF, and DSC, 
were used to characterize the “as is” physicochemical properties of amorphous sucrose prepared 
by freeze-drying, spray-drying, ball milling, melt-quenching, and spin-melt-quenching. The aim 
of this research was to determine the type and extent of physicochemical property differences 
imparted to the resultant amorphous sucrose.  
3.3 Materials and Methods 
Materials 
All amorphous sucrose samples were prepared using analytical grade crystalline sucrose 
(≥99.5%; catalog number S0389) obtained from Sigma-Aldrich Co. (St. Louis, MO). The 
analytical grade crystalline sucrose was measured via HPLC to be 99.9 ± 1.1% sucrose and to 
have a moisture content of 0.05 ± 0.00% wet basis, determined via duplicate volumetric Karl 
Fischer titration measurements. HPLC and HPAEC-PAD standards, sucrose (≥99.5%; S0389), 
D-(-)-fructose (≥99.5%; F0127), D-(+)-glucose (99.5%; G8270), 1-kestose (≥98%; 72555) and 
5-(hydroxymethyl)furfural (5-HMF) (≥99%; W501808), were purchased from Sigma-Aldrich 
Co. and used without further purification. Samples were stored under ambient temperature and 
relative humidity conditions in their original containers, which were capped and sealed tightly 
with parafilm after opening and between uses.   
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Sample preparation and storage 
 Amorphous sucrose samples were prepared from analytical grade crystalline sucrose 
using five different amorphization methods: freeze-drying, spray-drying, ball milling, melt-
quenching, and spin-melt-quenching. Duplicate batches of each amorphous sucrose type were 
produced in order to control for any possible batch effects. Once produced, samples were stored 
under ambient temperature and relative humidity conditions in screw top glass vials sealed with 
parafilm until sample analyses could be conducted. The temperature and relative humidity of the 
laboratory were monitored using a high accuracy, calibrated Traceable® thermometer (Thermo 
Fisher Scientific Company, Waltham, MA) and a Psychro-Dyne psychrometer (Industrial 
Instruments & Supplies, Southampton, PA), respectively, to assess the magnitude of 
environmental fluctuations over the course of sample production and testing (October-March). 
While the temperature of the laboratory remained fairly constant over time (~25ºC), the relative 
humidity fluctuated seasonally, with an average relative humidity of 35% in October and 
November and 15% in December through March. 
Freeze-dried sucrose (FreD) was prepared by filling a metal tray (width: 7 ½’’, length: 
11 ⅞”, height: 2”) with 200 mL of a 15% (%w/w) sucrose-deionized water solution. Before 
freeze-drying, the sucrose solution was pre-frozen in a -80°C freezer for 24 hours and doused 
with liquid nitrogen for approximately 5 minutes. The frozen sucrose solution was then loaded 
onto the shelf, set to -45°C, of a Unitop 600SL drying chamber (VirTis Company Inc., Gardiner, 
NY) attached to a Freezemobile 12 freeze-dryer (VirTis Company Inc., Gardiner, NY). The 
vacuum (100 militorr) was immediately turned on and the sample was exposed to the following 
step increases in temperature for the specified times: -45°C for 48 hours, -35°C for 24 hours, -
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25°C for 24 hours, -15°C for 24 hours, -5°C for 24 hours, 5°C for 24 hours, 15°C for 24 hours, 
and 25°C for 24 hours (Lee et al., 2010).  
Spray-dried sucrose (SprayD) was prepared by spray drying a 20% (%w/w) sucrose-
deionized water solution using a Büchi-B290 Mini Spray Dryer (Büchi Labortechnik AG, Flawil, 
Switzerland) with an inlet temperature of 65°C, an aspirator setting of 100% (38 m3/h), a pump 
setting of 3% (1.1 mL/min), and a nozzle air flow rate of 601 L/h (50 on the nozzle rotameter 
scale) (Imtiaz-Ul-Islam and Langrish, 2009).  
Ball milled sucrose (BallM) was prepared using a SPEX 8000D high-energy ball mill 
(SPEX SamplePrep, Metuchen, NJ). Crystalline sucrose (~6-8 g), sealed into an alumina ceramic 
grinding vial with one ½” alumina ceramic ball (SPEX SamplePrep, Metuchen, NJ), was milled 
for a total of 12 hours. Milling was conducted in 2 hour intervals at a frequency of 50 Hz, 
separated by 30-minute cool-down periods to allow the temperature of the instrument to return to 
room temperature (Font et al., 1997; Saleki-Gerhardt et al., 1994; Tsukushi et al., 1995). The 
milling time was chosen based on preliminary studies carried out in the Schmidt laboratory 
(Figure 3.1), as well as results published by Font et al. (1997) (Figure 3.2), which both indicated 
that around 10 hours of milling was sufficient to create a sample with substantial amorphous 
content, as determined by differential scanning calorimetry. 
Melt-quenched sucrose (MeltQ) was prepared using a bulk, hot plate-based method. 
Previously, many researchers have prepared small-scale melt-quenched amorphous sucrose 
samples using a differential scanning calorimeter (DSC) (Jiang et al., 2008a, 2008b; Kinugawa et 
al., 2015; Lee et al., 2011b; Orford et al., 1990; te Booy et al., 1992; Vanhal and Blond, 1999). 
For the present study, however, it was determined that a large-scale melt-quenching technique 
was necessary, as a differential scanning calorimeter could only produce approximately 20 mg of 
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melt-quenched amorphous sucrose per DSC sample pan, and many of the characterization 
techniques to be employed, such as moisture content analysis via Karl Fischer titration and 
powder X-ray diffraction, required several grams of sample. Since previous research has shown 
that crystalline sucrose undergoes thermal decomposition during loss of crystalline structure, and 
that decomposition occurs via a time-temperature process (Jiang et al., 2008a; Lee et al., 2011a, 
2011c; Lu et al., 2017b; Vanhal and Blond, 1999), the goal in designing a large-scale melt-
quenching method was to ensure the complete loss of sucrose crystallinity without causing 
excessive thermal decomposition, which was monitored visually by color development 
(Eggleston et al., 1996; Lu et al., 2017a).  
Initially, attempts were made to rapidly melt crystalline sucrose (~25 g) in a stainless 
steel beaker submerged in an oil bath pre-heated to 200ºC, the maximum temperature to which 
crystalline sucrose was heated in several of the aforementioned studies that prepared melt-
quenched sucrose using a DSC (Kinugawa et al., 2015; te Booy et al., 1992; Vanhal and Blond, 
1999). However, it was found difficult to maintain the oil bath at a uniform temperature, even 
with the addition of a stir bar to help circulate the oil and the use of a hot plate instead of an 
immersion heater to heat the oil from the bottom instead of the side of the container. The non-
uniform temperature of the oil bath resulted in an uneven heating of sucrose, with some crystals 
losing their crystalline structure much faster than others. Hand-stirring the crystalline sucrose 
significantly decreased the effect of oil bath hot spots, though complete loss of crystalline 
structure was not possible without the molten sucrose turning a golden yellow color. Further 
color change was observed between stirring the sample and pouring the molten sucrose onto a 
metal tray for quench cooling, most likely due to the additional time (at least 10 seconds) 
required to extricate the beaker from the clamps holding it submerged in the oil bath.  
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A similar melting procedure was attempted using a stainless steel beaker placed in a sand 
bath pre-heated to 200ºC, and again temperature control was found challenging, with different 
areas of the sand bath varying in temperature by 10 to 20ºC. Moreover, when the crystalline 
sucrose was poured into the beaker, the crystals immediately turned a dark brown color and 
started smoking, indicating that the rapid change in sample temperature caused immediate and 
extensive thermal decomposition. 
A third method, modified from a melt-quenching procedure described in Lee et al. 
(2010), was also tested. Melt-quenched sucrose was prepared by heating and vigorously stirring 
25 g of crystalline sucrose with a silicone spatula (Core Home, New York, NY) in a 90 x 50 mm 
crystallizing dish on a hot plate until all sucrose crystals visually disappeared, at which point the 
molten sucrose was poured onto a metal tray and spread out in a thin layer using a stainless steel 
offset spatula (The Washburn Company, Worcester, MA). Vigorous stirring allowed for the most 
uniform loss of crystalline structure of the three methods tested, and the shallow crystallizing 
dish allowed for the molten sucrose to be rapidly transferred to the metal tray for quench cooling, 
resulting in a final product with a pale yellow color. Based on these observations, the hot plate 
method was selected as the large-scale melt-quenching procedure for the present study. 
To verify that the amorphous product produced via the large-scale melt-quenching 
technique was characteristically similar to the melt-quenched amorphous sucrose produced via 
differential scanning calorimetry, melt-quenched sucrose was prepared in the DSC using a DSC 
Q2000 (TA Instruments, New Castle, DE) equipped with a refrigerated cooling system (RCS 
90). Crystalline sucrose (~10 mg), sealed in a Tzero pan with an inner Tzero lid (generally used for 
crimped pans) and an outer Tzero hermetic lid, was equilibrated at 25°C, heated at 10°C/min to 
202°C, then cooled at 50°C/min to -50°C (Lee and others 2010). The inner Tzero lid was used to 
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provide good contact between the sample and the bottom of the DSC pan in order to avoid the 
presence of thermal artifacts in the data due to sample flow during heating (Thomas and Schmidt 
2017). The final heating temperature of 202°C was selected to ensure complete loss of crystalline 
sucrose before quenching, and was determined by adding two standard deviations to the average 
apparent melting end temperature for sucrose at 10°C/min (Lee and others 2011c). Using 
multivariate analysis of variance (MANOVA), the overall thermal behavior of the DSC and bulk 
produced melt-quenched sucrose were not found to be statistically different at a significance 
level of α = 0.05. 
Spin-melt-quenched sucrose (SpinMeltQ) was prepared by heating 100 g of crystalline 
sucrose on high in the floss head of an Econo-Floss Model 3017SS cotton candy machine (Gold 
Medal Products Co., Cincinnati, OH). Once floss started appearing in the collection bowl, the 
heat was reduced to medium and the resultant sucrose floss was collected on paper cones 
(Econo-Floss Instruction Manual, Gold Medal Products Co.).                                       
Sample characterization 
Scanning electron microscopy (SEM) was used to observe the morphology and 
physical state of “as is” amorphous sucrose samples. Small amounts (~30 mg) of each “as is” 
amorphous sucrose batch were mounted on SEM specimen stubs using double-sided carbon tape 
and coated under vacuum with 7 nm of a gold-palladium alloy in a Desk II TSC turbo-pumped 
sputter coater (Denton Vacuum, LLC, Moorestown, NJ). The coated samples were then viewed 
at both 2 and 5kV with a Quanta 450 FEG Scanning Electron Microscope (FEI Company, 
Hillsboro, Oregon). 
Powder X-ray diffraction (PXRD) was used to assess the physical state of “as is” 
samples. Powder X-ray diffraction data was obtained with the use of Cu-Kα radiation (40 kV – 
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15 mA) on a MiniFlex 600 benchtop powder X-ray diffractometer (Rigaku Corporation, The 
Woodlands, TX) in the Bragg-Brentano configuration. PXRD patterns were collected in the step-
wise mode over a 2θ range of 5-100º using a step size of 0.02º and step time of 2 seconds. 
Percent amorphous and crystalline contents were calculated in the software program TOPAS 
(Bruker AXS, Inc., Madison, WI) using the Rietveld refinement method with a second order 
Chebyshev polynomial. The crystalline component was refined from the crystalline sucrose 
diffraction pattern reported by Hanson et al. (1973), and the amorphous component was defined 
by three amorphous diffraction peaks (Figure 3.3). The percent amorphous content was 
determined by dividing the area of the amorphous peaks by the total area under the diffraction 
curve (crystalline plus amorphous peaks), while the percent crystalline content was determined 
by dividing the area of the crystalline peaks by the total area under the diffraction curve. Powder 
X-ray diffraction patterns were displayed as a function of both 2θ (as collected) and Q, the 
magnitude of the scattering momentum transfer, for ease of comparison with the one-
dimensional powder diffraction patterns obtained from total scattering experiments. Q was 
calculated using Equation 3.1 (Billinge, 2008): 




where θ is the half the scattering angle and 𝝀𝝀 is the wavelength of the incident X-rays, which was 
equal to 1.54178 Å for the Cu-Kα radiation source in the MiniFlex 600. 
Total scattering pair distribution function (TSPDF) was employed to study the 
nanoscale structure of “as is” amorphous sucrose samples. Total scattering powder diffraction 
experiments were carried out on beamline 28-ID-2 at the National Synchrotron Light Source 
(NSLS-II) at Brookhaven National Laboratory in Upton, NY. Prior to testing, samples were 
packed into 1 mm ID Kapton capillaries (Cole-Parmer, Vernon Hills, IL), which were 
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individually sealed into screw top glass vials wrapped in parafilm. The glass vials were vacuum 
sealed in plastic pouches with a small amount of Drierite (W.A. Hammond Drierite Co., Ltd., 
Xenia, OH) using a FoodSaver® V3420 vacuum sealer (FoodSaver, Sunbeam Products, Inc., 
Boca Raton, FL) to reduce the chance of moisture-induced crystallization occurring during 
shipment and/or sample storage. Data was collected using the rapid-acquisition PDF method 
(RA-PDF) (Chupas et al., 2003) on a two-dimensional, flat panel X-ray detector (PerkinElmer, 
Inc., Santa Clara, CA). The sample-to-detector distance was approximately 203 mm for all 
experiments, and was calibrated using a crystalline nickel standard with the azimuthal integration 
software pyFAI (Kieffer and Karkoulis, 2013). Samples were measured at room temperature 
with X-rays having an incident wavelength of λ = 0.1866 Å, and the scattering data were 
collected for 10 minutes for each sample.  
The raw data images were summed and corrected for polarization effects, then 
azimuthally integrated to produce one-dimensional powder diffraction patterns using software 
from xpdtools. Prior to integration, additional masking software was utilized to remove 
statistically significant outlier pixel defects (Wright and Zhou, 2017). Corrections and data 
normalization were carried out to obtain the total scattering structure function, F(Q), which was 
Fourier transformed to obtain the TSPDF, G(r), using PDFgetX3 (Juhás et al., 2013) within the 
xPDFsuite (Yang et al., 2015). Scattering contributions from the empty capillary and air 
scattering were measured and subtracted. The maximum range of data used in the Fourier 
transform (Qmax, where Q = 4πsinθ/λ is the magnitude of the scattering momentum transfer) was 
25.0 Å-1 for crystalline nickel and 22.0 Å-1 for the amorphous sucrose samples. 
Moisture content was determined via volumetric Karl Fischer titration using an 
Aquastar AQV21 Volumetric Titrator (EMD Millipore Corporation, Darmstadt, Germany) with a 
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two solvent system composed of a 50:50 mixture of formamide and methanol. Measurements 
were performed in duplicate for each batch of “as is” amorphous sucrose by DonLevy 
Laboratories (Crown Point, IN) and reported on a % wet basis (g water/g sample x 100%). The 
relative humidity and temperature of the laboratory at the time of data collection were also 
reported to account for any potentially abnormal results that might be attributed to high 
environmental humidity and elevated temperature rather than actual variations in sample 
moisture content. Laboratory environmental conditions were found to be fairly consistent across 
all data collection times, with an average ambient relative humidity of 21.8% and temperature of 
24.2°C. 
Water activity (aw) was measured in triplicate for each batch of “as is” amorphous 
sucrose at 25.0±1.0ºC using an AquaLab Series 4TE DUO instrument (Decagon Devices, Inc., 
Pullman, WA). To facilitate sample equilibration, samples were prepared to maximize surface 
area; melt-quenched samples were crushed with a mortar and pestle and spread in sample cups, 
while powder-like samples (e.g., freeze-dried, spray-dried, ball milled) were distributed evenly 
across the bottom of the sample cup. Sample cups were filled half to three-quarters full. 
High-performance liquid chromatography (HPLC) was employed to determine if 
select sucrose thermal decomposition indicator compounds, glucose, fructose, and 5-HMF, could 
be detected in “as is” amorphous sucrose samples. Stock solutions of each “as is” amorphous 
sucrose sample were prepared by weighing approximately 10 mg of sample in a 1.7 mL Posi-
Click™ microcentrifuge tube (Denville Scientific Inc., Holliston, MA). 1 mL of 18MΩ water 
was added to each tube, and the mixture was vortexed for 10 seconds using a Vortex-Genie 2 
(Scientific Industries, Inc., Bohemia, NY) on setting 10 to form a solution. From preliminary 
HPLC experiments using the aforementioned stock solutions, it was found that the concentration 
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of sucrose was generally several orders of magnitude greater than that of any other analyte 
measured, making it difficult to accurately quantify all analytes simultaneously. Therefore, an 
additional solution was prepared by diluting the original stock solution for each “as is” 
amorphous sucrose sample tenfold (final solution concentration ~1 mg/mL). 200 µL of the 10 
mg/mL and 1 mg/mL solutions for each “as is” amorphous sucrose sample were then pipetted 
into 96-well V-bottom microplates (Corning Inc., Kennebunk, ME), which were covered with 
Zone-Free™ sealing film (Excel Scientific, Inc., Victorville, CA). Chromatographic analyses 
were conducted using an LC-20AD Prominence equipped with a RID-10A refractive index (RI) 
detector and an SDP-20A UV detector (Shimadzu America, Inc., Columbia, MD). An Aminex 
HPX-87P lead-form cation exchange resin-based column (300 x 7.8 mm) packed with a 
sulfonated divinyl benzene-styrene copolymer with a particle size of 9 µm (Bio-Rad 
Laboratories, Inc., Richmond, CA) was used as the analytical column. De-ashing and Carbo-P 
micro-guard cartridges (30 x 4.6 mm) (Bio-Rad Laboratories, Inc., Richmond, CA) were used as 
the guard columns. The analytical column was maintained at 85°C, and all standards and sample 
solutions were eluted isocratically with 18MΩ water at a flow rate of 0.6 mL/min. Sucrose, 
glucose, and fructose peaks were determined using the RI detector, while 5-HMF was 
simultaneously measured using the UV detector at a wavelength of 277 nm. Chromatographic 
peaks were identified by comparing their retention times to those of authentic standards, and 
quantified using six point standard curves. All computations were performed using Shimadzu 
LCsolution software (Version 1.23 SPI, Shimadzu America, Inc., Columbia, MD). Sucrose 
concentrations were determined from results for the 1 mg/mL solutions, and glucose, fructose, 
and 5-HMF concentrations were determined from results for the 10 mg/mL solutions. HPLC 
analysis was performed in triplicate for each batch of “as is” amorphous sucrose. Sucrose results 
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were displayed as the average % ratio of sucrose remaining (mg/mL) to the total sample 
concentration (mg/mL). Glucose, fructose, and 5-HMF results were displayed as the average % 
ratio of the specific decomposition compound formed during the amorphization process (mg/mL) 
to the total sample concentration (mg/mL). 
High-performance anion-exchange chromatography with pulsed amperometric 
detection (HPAEC-PAD) was carried out to determine if other sucrose thermal decomposition 
indicator compounds, specifically 1-kestose, could be identified and quantified in “as is” 
amorphous sucrose samples. Stock solutions of each “as is” amorphous sucrose sample, 
described in the HPLC methods section, were diluted 1:100 with 18 MΩ water in 2 mL target 
vials with pre-slit septa (Thermo Fisher Scientific, Waltham, MA) for HPAEC-PAD analysis. 
Samples (5 µL) were then analyzed on a Thermo Scientific ICS 5000 HPAEC-PAD (Thermo 
Scientific, Sunnyvale, CA) utilizing a Dionex PA-10 column (2 mm x 250 mm) (Thermo 
Scientific, Sunnyvale, CA). The system was operated at 0.25 mL/min running 90 mM NaOH 
isocratically for 30 minutes. Prior to injection, samples were maintained at 4°C. 1-kestose was 
identified and quantified from authentic standards run several times during the course of 
analysis. Triplicate HPAEC-PAD analyses were performed for each batch of “as is” amorphous 
sucrose. 
Standard differential scanning calorimetry (SDSC) was used to quantitatively 
measure the initial structure (i.e., % amorphous/crystalline content) of “as is” amorphous sucrose 
samples, as well as analyze the thermal behavior of the samples upon heating. All experiments 
were performed using a DSC Q2000 (TA Instruments, New Castle, DE) equipped with a 
refrigerated cooling system (RCS 90) and purged with dry nitrogen gas at a flow rate of 50 
mL/min. Prior to sample testing, the DSC was calibrated for temperature and enthalpy using 
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indium (Tm onset = 156.6°C and ΔH = 28.71 J/g), and for heat capacity using a 25.25 mg sapphire 
disk (PN 970370.901, TA Instruments, New Castle, DE). All calibrations and sample 
measurements were carried out in hermetic aluminum Tzero pans using both an inner Tzero lid 
(typically used for crimped pans) and an outer Tzero hermetic lid (TA Instruments, New Castle, 
DE). 
Typically, the % amorphous content of a material is determined by dividing the size of its 
glass transition (expressed in ΔCp, J/(gºC)) measured upon heating by a reference ΔCp value, 
obtained experimentally or from the literature, for the 100% amorphous form of the material 
(Equation 3.2): 
% 𝐴𝐴𝐴𝐴𝑀𝑀𝑅𝑅𝐴𝐴ℎ𝑀𝑀𝑀𝑀𝑅𝑅 𝑐𝑐𝑀𝑀𝑅𝑅𝑑𝑑𝑅𝑅𝑅𝑅𝑑𝑑 =  
∆𝐶𝐶𝑝𝑝
∆𝐶𝐶𝑝𝑝 100% 𝑎𝑎𝑎𝑎𝑜𝑜𝑟𝑟𝑝𝑝ℎ𝑜𝑜𝑜𝑜𝑠𝑠 (𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)
 • 100 (3.2) 
However, the inconsistencies in the literature-reported ΔCp values for 100% amorphous sucrose 
(0.54-0.85 J/(g°C) as detailed in Appendix A) made it difficult to select an appropriate ΔCp value 
for % amorphous content determination. Thus, a new SDSC protocol was developed wherein 
samples (~10 mg) of each “as is” amorphous sucrose batch were heated at 10°C/min from -50°C 
to 200°C, and then immediately quench-cooled to -50ºC to form, in situ, a 100% amorphous 
structure that could be used as a unique internal standard for determination of the amount of 
amorphous structure in the original, “as is” sample. The ΔCp for the 100% amorphous material 
was then measured by heating samples a second time under the same conditions as the first heat. 
The ΔCp values obtained during the first and second heating steps were used to calculate the % 
amorphous content of the original, “as is” sample (Equation 3.3): 
% 𝐴𝐴𝐴𝐴𝑀𝑀𝑅𝑅𝐴𝐴ℎ𝑀𝑀𝑀𝑀𝑅𝑅 𝑐𝑐𝑀𝑀𝑅𝑅𝑑𝑑𝑅𝑅𝑅𝑅𝑑𝑑 =  
∆𝐶𝐶𝑝𝑝 𝑟𝑟𝑓𝑓𝑟𝑟𝑠𝑠𝑓𝑓 ℎ𝑟𝑟𝑎𝑎𝑓𝑓
∆𝐶𝐶𝑝𝑝 𝑠𝑠𝑟𝑟𝑟𝑟𝑜𝑜𝑟𝑟𝑑𝑑 ℎ𝑟𝑟𝑎𝑎𝑓𝑓
 • 100 (3.3) 
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A potential concern with using an internal standard to determine % amorphous content was the 
possibility that the additional sucrose thermal decomposition compounds formed during the 
initial heating step would affect the ΔCp value obtained during the second heating step, as ΔCp is 
influenced by changes in the composition of a material. To assess the influence of thermal 
decomposition on the ΔCp value, a SDSC experiment was conducted using the same analytical 
grade crystalline sucrose used to prepare the differently amorphized samples in this study. 
Approximately 10 mg of sucrose, hermetically sealed in a DSC pan, was heated at 10°C/min 
from 0 to 200°C, quench-cooled to 0°C to form an amorphous solid, and then reheated under the 
same conditions to 200°C to measure the glass transition of the material. The same sample was 
then subjected to three additional cool-heat cycles to measure any changes in the glass transition 
upon repeated temperature abuse. As illustrated in Figure 3.4, although the glass transition 
temperature of the sample decreased upon repeated temperature cycling to 200°C due to ongoing 
thermal decomposition (Lee et al., 2011b), the ΔCp of the glass transition did not vary 
substantially. Therefore, the use of an internal standard appears to be a reliable method for 
determination of % amorphous content.   
All DSC curves were analyzed using Universal Analysis (UA) software (Version 4.5A, 
TA Instruments, New Castle, DE) to obtain parameters associated with the glass transition (Tg) 
(Tg onset, Tg midpoint, Tg endpoint, ΔCp, and % amorphous content), cold crystallization (Tc) (Tc onset, Tc 
peak, and ΔHc), and melting (Tm) (Tm onset, Tm peak, and ΔHm). The glass transition was analyzed 
using the Glass/Step change function with Manual Tangent Selection, Step Midpoint set at Half 
Height, and Step Change (ΔCp) calculated at the Midpoint. Due to the cold crystallization and 
melting events overlapping, parameters associated with these two thermal events could not be 
accurately determined using traditional analysis methods (i.e., selecting separate integration 
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limits). Thus, the cold crystallization and melting events were analyzed simultaneously using the 
Running Integral analysis option to produce a plot of total peak area (J/g) as a function of 
temperature between the onset of cold crystallization and endpoint of melting (Figure 3.5). From 
the Running Integral plot, Tc onset and Tm onset were obtained by determining the onset and peak 
temperatures, respectively, of the Running Integral curve. ΔHc was found by determining the 
integral value (J/g) at the peak maximum of the Running Integral curve. ΔHm was obtained from 
the difference between ΔHc and the integral value at the endpoint of the Running Integral curve, 
which is equal to the sum of the areas of the cold crystallization and melting peaks (ΔHc + ΔHm). 
Cold crystallization and melting peak temperatures, Tc peak and Tm peak, respectively, were 
analyzed using the Peak Maximum function. Percent crystalline content was determined using 
Equation 3.4 (Sichina, 2000): 
% 𝐶𝐶𝑅𝑅𝐶𝐶𝑅𝑅𝑑𝑑𝑎𝑎𝑀𝑀𝑀𝑀𝑅𝑅𝑅𝑅𝑅𝑅 𝑐𝑐𝑀𝑀𝑅𝑅𝑑𝑑𝑅𝑅𝑅𝑅𝑑𝑑 =  
(∆𝑑𝑑𝑎𝑎 − ∆𝑑𝑑𝑟𝑟)
∆𝑑𝑑𝑎𝑎𝑜𝑜
• 100 (3.4) 
where ∆𝑑𝑑𝑎𝑎 is the heat of melting (J/g), ∆𝑑𝑑𝑟𝑟 is the heat of cold crystallization, and ∆𝑑𝑑𝑎𝑎𝑜𝑜 is the 
heat of melting (a reference value) for 100% crystalline sucrose obtained at a heating rate of 
10°C/min, 131.46 J/g (Magon et al., 2015). 
Modulated differential scanning calorimetry (MDSC) was employed to further resolve 
the complex thermal transitions observed using standard differential scanning calorimetry. 
Experiments were performed using the DSC Q2000. Prior to sample measurements, the MDSC 
Reversing Heat Capacity (Rev Cp) signal was calibrated for accurate measurement of sample 
heat capacity using a 25.25 mg sapphire disk (PN 970370.901, TA Instruments, New Castle, DE) 
and 10.50 mg analytical grade crystalline sucrose (Sigma-Aldrich Co., St. Louis, MO). The 
sapphire and crystalline sucrose calibration standards were sealed into pre-weighed aluminum 
Tzero pans with an inner Tzero lid and an outer Tzero hermetic lid. Measurement of Rev Cp was 
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made at 27ºC for 15 minutes using a modulation amplitude of ± 1.0ºC and a modulation period 
of 70 seconds. Each calibration standard was run in triplicate and the data was used to calculate 
the Reversing Heat Capacity calibration constant (KCp) by dividing the theoretical value of the 
sample heat capacity at 27ºC (Cp (sapphire) = 0.779 J/(gºC), Cp (sucrose) = 1.25 J/(gºC)) by the 
experimentally measured value. Studies by the instrument manufacturer have indicated that this 
calibration procedure results in heat capacity measurements with an accuracy typically better 
than ±5% (Slough and Hesse, 2007; Thomas, 2006, 2005). 
 For sample measurements, triplicate samples (~10 mg) of each batch of “as is” 
amorphous sucrose were heated from -20ºC to 100ºC at a linear heating rate of 1ºC/min using a 
modulation amplitude of ± 0.5ºC, a modulation period of 70 seconds, and a sampling interval of 
3 seconds/point. Following this initial 1ºC/min temperature ramp, samples were further heated at 
10ºC/min to 200ºC, re-equilibrated at -20ºC, and finally reheated at 1ºC/min to 100ºC. The 
additional equilibration and heating steps were utilized to analyze the size of the glass transition 
(expressed in ΔCp, J/(gºC)) for the 100% amorphous internal standard, which enabled the % 
amorphous content of the “as is” sample to be calculated using Equation 3.3 (described in the 
standard differential scanning calorimetry section). The MDSC results were analyzed using UA 
software (Version 4.5A, TA Instruments, New Castle, DE) to determine glass transition 
parameters (Tg onset, Tg midpoint, Tg endpoint, ΔCp, and % amorphous content). Because the 
temperature range used for MDSC experiments did not include the cold crystallization and 
melting events, sample % crystalline content was determined by subtracting the calculated % 
amorphous content from 100%, which is an alternative method with equal validity for obtaining 
% crystalline content. Data was displayed as plots of total heat flow, reversing heat flow, and 
nonreversing heat flow as a function of temperature.  
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Themogravimetric analysis (TGA) was used to detect weight changes occurring in 
samples upon heating over the same temperature range as SDSC experiments. Since weight 
losses typically occur over a wide temperature range and change with heating rate, the TGA 
Q500 (TA Instruments, New Castle, DE) was calibrated for temperature measurement under 
isothermal conditions at 22ºC against a high accuracy, calibrated Traceable® thermometer 
(Thermo Fisher Scientific Company, Waltham, MA). Triplicate samples (~25 mg) of each “as is” 
amorphous sucrose batch were heated at 10ºC/min from room temperature to 200ºC. Dry 
nitrogen at a flow rate of 40 mL/min for the balance and 60 mL/min for the furnace was used as 
the purge gas. To facilitate comparison between TGA and SDSC data, the average thermal data 
for a given sample was combined into one plot using Universal Analysis (UA) software (Version 
4.5A, TA Instruments, New Castle, DE), with TGA data displayed as % weight loss and 
derivative weight loss (%/min) versus temperature, and SDSC data displayed as heat flow versus 
temperature (Lee and others 2011a).  
Statistical analysis 
Moisture content, water activity, chromatographic data from HPLC and HPAEC-PAD, 
and thermal parameters from SDSC and MDSC were analyzed for statistical differences between 
amorphization methods in SAS® (Version 9.4, SAS Institute Inc., Cary, NC), using the PROC 
NESTED function to perform a nested two-way Analysis of Variance (ANOVA). Because the 
resulting amorphous sucrose material (i.e., freeze-dried, spray-dried, melt-quenched) inherently 
depends on the amorphization method used to produce it, amorphization method was treated as a 
fixed factor, and batches were nested within amorphization method and treated as random 
(Figure 3.6). Means separation via Tukey’s HSD (honest significant difference) test was 
conducted in SAS® using the PROC GLM function when amorphization method was 
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determined as significant by ANOVA. A significance level of α = 0.05 was used for all 
judgments.  
3.4 Results and Discussion 
Morphology 
SEM images of FreD, SprayD, BallM, MeltQ, and SpinMeltQ (Figure 3.7) indicate that 
the morphology and estimated particle diameter of “as is” amorphous sucrose samples distinctly 
differed. As summarized in Table 3.1, FreD exhibited a flake-like morphology; this observation 
agrees well with previous findings reported in the literature for other freeze-dried amorphous 
carbohydrates, such as lactose (Haque and Roos, 2006; Millqvist-Fureby et al., 1999) and 
trehalose (Surana et al., 2004). On the other hand, SprayD formed spherical particles with a 
generally smooth surface, except for some spheres with noticeable surface indentations, most 
likely the result of multiple particles sticking together. Spherical morphology has also been 
reported for a variety of spray-dried amorphous carbohydrates, including sucrose (Ando et al., 
2007; Elamin et al., 1995; Lechuga-Ballesteros et al., 2003), lactose (Elamin et al., 1995; Haque 
and Roos, 2006), and trehalose (Surana et al., 2004). Compared to FreD, SprayD particles were 
considerably smaller, with most less than 15 µm in diameter. While spray-drying produced 
smooth, spherical particles, ball milling resulted in misshapen, irregular clumps whose semi-
smooth surface was embedded with small, sharp-edged squares of crystalline material. BallM 
was the only “as is” amorphous sucrose sample that contained visible crystalline sucrose; this 
finding supports the PXRD data, which indicates that BallM is semi-crystalline (Figure 3.8), as 
well as the percent crystalline content for BallM determined via MDSC (Table 3.2). Unlike 
FreD, SprayD, and BallM, which formed distinct particles, MeltQ formed a single mass with few 
surface folds or cracks. SpinMeltQ had the most unique morphology, consisting of thin strands, 
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approximately 1-10 µm in diameter, interspersed with globular particles, which varied in size 
from 20-500 μm in diameter. Bellan et al. (2009) observed a similar tangled network of strands 
in spin-melt-quenched sucrose prepared to fabricate an artificial three-dimensional vascular 
network. 
Structural characteristics - % amorphous/crystalline content 
FreD, SprayD, MeltQ, and SpinMeltQ were all found to be X-ray amorphous, exhibiting 
a halo pattern characteristic of amorphous solids (Figure 3.8 and Figure 3.9, which are displayed 
in terms of 2θ and Q, respectively). This finding agrees well with the % amorphous content 
results determined quantitatively using SDSC and MDSC, which confirmed that FreD, SprayD, 
MeltQ, and SpinMeltQ were essentially 100% amorphous (Table 3.2). The slight deviation (± 
≈2%) in SDSC and MDSC % amorphous content values from 100% is likely due to the 
background slope of the absolute heat capacity baseline, which was found to be approximately 
0.005 J/(gºC2) (Figure 3.10). Since the glass transition of the 100% amorphous internal standard, 
obtained during the second heat, was consistently about 10°C wider than that of the “as is” 
amorphous sample, the background slope of the absolute heat capacity baseline resulted in ΔCp 
of the 100% amorphous internal standard being 0.05 J/(gºC) greater than ΔCp of the “as is” 
material. Consequently, the denominator in the % amorphous content calculation, ΔCp of the 
100% amorphous internal standard, was consistently larger than the numerator, thus 
underestimating the % amorphous content of the differently amorphized samples. The % 
crystalline contents of FreD, SprayD, and SpinMeltQ, obtained via SDSC from the difference 
between the cold crystallization and melting enthalpies, provide further evidence that these 
samples are 100% amorphous, as the % crystalline contents were calculated to be small, but 
negative values, which are not theoretically possible and most likely due to a small amount of 
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inherent error associated with the measurement. In sum, it is reasonable to conclude from the 
combined SDSC, MDSC, and PXRD results that FreD, SprayD, MeltQ, and SpinMeltQ samples 
are 100% amorphous.      
Compared to the other amorphization methods, ball milling resulted in a semi-crystalline 
product, as shown in the PXRD pattern by the presence of sharp diffraction peaks superimposed 
upon the amorphous halo (Figure 3.8). The % amorphous and crystalline contents of BallM were 
estimated from PXRD data to be approximately 72% and 28%, respectively, which is consistent 
with the values determined quantitatively using MDSC (Table 3.2). It should be noted that the % 
amorphous and crystalline content values from SDSC are estimated values, as obtaining accurate 
quantitative information from this method was problematic due to the overlap between the glass 
transition and cold crystallization peaks. This observation will be discussed in further detail in 
the thermal behavior section.  
Structural characteristics - local molecular ordering 
As stated above, FreD, SprayD, MeltQ, and SpinMeltQ were completely amorphous, as 
evidenced by the characteristic amorphous halo pattern exhibited by all four samples (Figure 3.8 
and Figure 3.9, which are given in terms of 2θ and Q, respectively). However, the shapes of the 
halos in the diffractograms varied, suggesting that the different amorphization methods produced 
variations in the local molecular ordering of the resulting amorphous sucrose samples. FreD, 
SprayD, and SpinMeltQ exhibited two relatively broad, but distinct maxima at approximately 14º 
and 20º 2θ, or 1.0 and 1.4 Å-1. MeltQ, on the other hand, had a higher intensity maximum at 
approximately 20º 2θ (1.4 Å-1), but only a weak shoulder feature around 15º 2θ (1.05 Å-1). As 
illustrated in Figure 3.11, the same discrepancies observed in the laboratory-based PXRD 
profiles for FreD, SprayD, SpinMeltQ, and MeltQ were also observed from total scattering 
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powder diffraction data collected on a high energy synchrotron source, i.e., two primary 
diffraction maxima at ~0.9 and 1.4 Å-1 for FreD, SprayD, and SpinMeltQ samples, with both 
maxima shifted toward one another in the MeltQ sample. These observations were reproducible 
for the duplicate batches of each amorphization method, which suggests that these differences 
were due to robust structural differences resulting from the amorphization methods. 
To further explore the potential differences in local molecular ordering of FreD, SprayD, 
MeltQ, and SpinMeltQ suggested by the laboratory-based PXRD results (Figure 3.8 and Figure 
3.9), the synchrotron X-ray data collected was analyzed using the total scattering pair 
distribution function (TSPDF). The TS designation signifies collection over a wide range of 
momentum transfer, Q, and will be assumed moving forward, resulting in the use of only the 
PDF portion of the abbreviation. When the raw total scattering data was transformed to the real 
space PDF, the resulting PDF curves confirmed the lack of long-range molecular ordering in 
FreD, SprayD, MeltQ, and SpinMeltQ samples (Figure 3.12a). Specifically, no coherent 
structuring was observed in any of the aforementioned amorphous sucrose samples at distances 
beyond approximately 16-20 Å, as indicated by the decrease of the signal in the PDF, G(r), to 
zero. In addition, the peaks located at intermolecular distances of 9 and 14 Å were extremely 
broad, indicating that the atomic spacings at these distances were only weakly correlated, and 
that they likely resulted from on-average packing distances between saccharide monomer groups 
of neighboring molecules. This signifies that no coherent ordering exists in FreD, SprayD, 
MeltQ, and SpinMeltQ samples beyond the next-nearest neighbor molecules, as expected from 
previous measurements of amorphous disaccharides (Bordet et al., 2016; Terban et al., 2016).  
In Figure 3.12a, the PDF curves of FreD, SprayD, MeltQ, and SpinMeltQ all appear 
highly similar. However, due to the differences in the locations of the diffraction maxima 
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observed between MeltQ and the other amorphous sucrose samples via laboratory-based PXRD 
and total scattering powder diffraction experiments, slight differences in the low-frequency 
density modes were expected to appear in the PDFs, indicating some variation in the local 
packing of the neighboring molecules. A closer inspection of this region, indicated by the dashed 
box in Figure 3.12a, confirmed that subtle differences existed between the PDF curves of the 
differently amorphized samples, particularly between that of MeltQ and the other “as is” 
amorphous sucrose materials (Figure 3.12b). Qualitatively, there appeared to be a shift in the 
peak located between 8 and 12 Å in the MeltQ PDF curve, signaling a change in some 
characteristic packing distance of either molecules or particular regions of the same molecule. In 
addition, the shift in peak position was accompanied by a decrease in intensity, which suggests 
the existence of a broader distribution in the packing of molecules or specific regions of the same 
molecule in the MeltQ sample as compared to FreD, SprayD, and SpinMeltQ. This decrease in 
peak intensity is more easily seen in Figure 3.12c, where the data is replotted using a lower 
Qmax to eliminate noisy data from the PDF curves, since the signal-to-noise ratio can become 
unfavorable in the high-Q region. Thus, it appears that while the domain size of structural 
coherence was similar amongst the differently amorphized sucrose samples, as evidenced by the 
consistent decay in the PDF function, G(r), to zero around 18 Å, the local structural order within 
said domain differed slightly, with the MeltQ sample exhibiting a broader distribution in 
molecular packing (i.e., less ordering) than the FreD, SprayD, and SpinMeltQ samples.  
Water-related properties  
 Moisture content and aw values for “as is” FreD, SprayD, BallM, MeltQ, and SpinMeltQ 
are summarized in Table 3.3. The moisture content of “as is” amorphous sucrose samples 
determined via Karl Fischer titration ranged from 0.14 to 3.16% wet basis, with FreD and 
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SprayD having higher moisture contents than BallM, MeltQ, and SpinMeltQ. A similar trend 
was found using TGA, where the % total weight loss measured upon heating for the differently 
amorphized samples was attributed to water loss. However, the % total weight loss values were 
lower than the moisture contents measured by Karl Fischer titration; a possible explanation for 
this observation is that the weight loss detected by TGA is only a measure of the bulk or “free” 
water associated with the “as is” amorphous sucrose samples and not the total moisture content, 
which includes both “free” and “bound” water (Isengard, 2001, 1995). This theory is supported 
by the data in that weight loss in all samples occurred immediately upon heating above room 
temperature, which is characteristic of the evaporation of free water (Bottom, 2008). 
Nevertheless, the differences in “as is” sample moisture content are consistent with differences in 
added moisture amongst the amorphization methods. Because freeze-drying and spray-drying are 
solution-based amorphization methods, where water is added to dissolve the crystalline sucrose 
prior to the formation of the amorphous state, the resulting amorphous sucrose material has a 
higher residual moisture content than one produced via melt-quenching or spin-melt-quenching, 
where no additional water is added. Variation in moisture content between batches was found to 
be statistically significant within each amorphization method, with FreD and SprayD having the 
largest variations, indicated by their standard deviations of 0.23 and 0.36%, respectively. 
Although statistically significant, the variation in moisture content between the batches of the 
different amorphization methods is not surprising given the number of processing variables (e.g., 
temperature, pressure, time) and environmental factors (e.g., relative humidity) that could have 
affected the properties of the final amorphous material. For example, the final moisture content 
of a freeze-dried material is influenced by the specific freeze-drying conditions (e.g., drying 
time, shelf temperature, chamber pressure) selected for both the primary and secondary drying 
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steps (Bonelli et al., 1997; Tang and Pikal, 2004). A few previous studies have acknowledged the 
variation in residual moisture content of freeze-dried and spray-dried amorphous sucrose, such as 
Kamat et al. (1989), who found that the moisture content of freeze-dried sucrose, as determined 
by Karl Fischer titration, ranged from 0.72 to 4.74% (w/w). However, the majority of studies 
have eliminated any inherent batch and amorphization method-related moisture content 
differences by pre-drying samples at elevated temperatures or in a desiccator over P2O5 to a 
similar moisture content before further analytical testing (Bhugra et al., 2007; Elamin et al., 
1995; Heljo et al., 2012; Imamura et al., 2010; Kedward et al., 2000, 1998; Kinugawa et al., 
2015; Miller and de Pablo, 2000; Roos and Karel, 1991; Saleki-Gerhardt et al., 1994; Saleki-
Gerhardt and Zografi, 1994; Shamblin et al., 1996). Therefore, this research represents one of the 
first attempts to capture the actual “as is” moisture content of differently amorphized sucrose 
samples. 
The water activity of all samples was found to be relatively low; SprayD had the highest 
measured aw (aw = 0.18), while the other samples had aw values of less than 0.1 (Table 3.3). 
Again, batch-to-batch variation in aw within each amorphization method was found to be 
statistically significant, and was particularly noticeable for MeltQ. However, this finding is likely 
related to the extremely dense, dry, glassy nature of the MeltQ sample (Bradley and Mauer, 
2017). Since the water activity instrument used in this research is based on the principle that at 
equilibrium, the vapor pressure above a sample in a closed container becomes uniform, it is 
possible that MeltQ samples were unable to establish equilibrium within the chamber headspace 
during the sample measurement time, resulting in aw values obtained under non-equilibrium 
conditions. In an attempt to accelerate sample equilibration, desiccant was used to lower the 
initial relative humidity inside the sample chamber headspace prior to introducing the sample for 
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measurement. However, due to the design of the instrument, removing the desiccant from the 
sample chamber required opening the chamber lid and re-exposing the chamber to the ambient 
relative humidity, thereby diminishing the effects of decreasing the chamber headspace relative 
humidity prior to sample testing. As a result, the aw data collected, especially for MeltQ, is likely 
a reflection of the relative humidity or aw of the atmospheric air trapped within the aw instrument 
sample chamber at the time of measurement rather than a true indication of the aw of the sample. 
One possible means of obtaining measurements that reflect the true aw of the MeltQ sample 
would be to collect the data over a longer period of time using the continuous mode of the aw 
instrument to allow the sample to come to equilibrium, as done by Yu et al. (2009) to determine 
the aw of corn flakes. However, reaching equilibrium for such a dry, glassy material could 
increase the sample testing time to unreasonable lengths; in the case of the corn flakes, Yu et al. 
(2009) reported that it took approximately 180 minutes before sample equilibration was 
achieved. Despite the significant batch-to-batch variation, statistically significant differences 
among the aw of the differently amorphized sucrose samples were observed. It should also be 
noted that, in general, increasing sample moisture content corresponded to an increase in sample 
aw, with the exception of MeltQ. As described previously, the most plausible explanation for this 
observation is the slow equilibrating nature of the MeltQ sample. 
Chemical composition 
 The combined HPLC and HPAEC-PAD analysis results for sucrose and the four thermal 
decomposition indicator compounds determined herein, glucose, fructose, 5-HMF, and 1-
kestose, in “as is” FreD, SprayD, BallM, MeltQ, and SpinMeltQ samples are presented in Table 
3.4. Overall, the chromatographic analyses revealed that thermal decomposition indicator 
compounds were present in BallM, MeltQ, and SpinMeltQ, but not in FreD and SprayD. In 
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samples containing thermal decomposition indicator compounds, other decomposition products, 
most likely trisaccharides and tetrasacchrides, were also observed in the HPLC and HPAEC-
PAD analyses, as evidenced by the presence of various unidentified peaks in the chromatograms 
(data not shown). Statistical analysis indicated that the average percentage of sucrose in FreD 
and SprayD, and in BallM and SpinMeltQ, did not significantly differ from one another; 
however, the average percentage of sucrose remaining in MeltQ significantly differed from all 
other samples, with MeltQ containing a significantly lower amount of sucrose (74.0%) compared 
to FreD, SprayD, BallM, and SpinMeltQ. Additionally, MeltQ contained the highest amounts of 
glucose (7.21%), fructose (1.04%), and 1-kestose (0.55%). As stated in the Materials and 
Methods section, previous research has shown that crystalline sucrose thermally decomposes 
prior to and concomitantly with the loss of crystalline structure upon heating (Lee et al., 2011a, 
2011c; Lu et al., 2017b). Given this finding, it is logical that the amorphization methods in this 
research that used heat to convert crystalline to amorphous sucrose, namely melt-quenching and 
spin-melt-quenching, resulted in amorphous sucrose containing thermal decomposition indicator 
compounds, while methods that used minimal or no heat, specifically spray-drying and freeze-
drying, produced amorphous sucrose that did not contain thermal decomposition indicator 
compounds. It is worth noting that the spray-drying conditions used herein, in particular the inlet 
temperature (65°C), are atypical compared to other studies, which have used considerably higher 
inlet temperatures (130-150°C) to produce spray-dried sucrose (Ando et al., 2007; Das and 
Langrish, 2013; Elamin et al., 1995; Sormoli et al., 2013); the lower inlet temperature condition 
used in this study was selected based on work by Imtiaz-Ul-Islam and Langrish (2009), who 
found that inlet temperatures below 100°C produced significantly higher yields of amorphous 
sucrose than traditional inlet temperatures (130-150°C).  Although heat was not intentionally 
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applied during ball milling, the presence of thermal decomposition indicator compounds in 
BallM suggests that some of the mechanical energy was transformed into heat, creating 
transitory “hot spots” in the sucrose that resulted in localized melt-quenching. This conclusion 
seems plausible given the chemical composition results reported by Megarry et al. (2014), who 
found that the solution proton NMR spectra for cryomilled sucrose was identical to that of “as is” 
crystalline sucrose. The authors postulated that thermal decomposition compounds were not 
present in cryomilled sucrose because the cryomilling process had avoided any friction-induced 
melting from occurring.  
Thermal behavior 
 The SDSC curves and Tg, Tc, and Tm parameters for “as is” FreD, SprayD, BallM, 
MeltQ, and SpinMeltQ are presented in Figure 3.13 and Table 3.3, respectively. Irrespective of 
amorphization method, all “as is” amorphous sucrose samples exhibited a glass transition. In the 
case of FreD and SprayD, the glass transition was accompanied by a small endotherm due to 
enthalpic recovery, the process by which an amorphous sample, upon heating above its glass 
transition, regains the enthalpy dissipated by the material as a result of relaxation toward 
equilibrium, which occurs while the material is annealed below its glass transition temperature 
(Hancock and Shamblin, 2001; Hodge, 1994; Hutchinson, 1995; Liu et al., 2006).1 As illustrated 
in Figure 3.14, the magnitude of the enthalpic recovery endotherm has been shown to increase 
with increasing annealing time below the glass transition temperature for a number of materials, 
including amorphous sucrose (Hancock et al., 1995; Liu et al., 2007; Shamblin and Zografi, 
                                                 
1 Traditionally, literature sources have referred to the presence of an endotherm accompanying the glass 
transition as enthalpic relaxation, however, the term enthalpic relaxation more precisely describes the 
relaxation process itself that an amorphous material undergoes as it seeks to achieve an equilibrium state 
while stored below its glass transition, rather than the enthalpy regained by the material upon heating 
above the glass transition, that is, enthalpic recovery (Hodge, 1994). To avoid confusion over 
terminology, the terms enthalpic recovery and enthalpic relaxation will be used as defined herein. 
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1998; Urbani et al., 1997). However, because it was not the intention of this research to study the 
effect of annealing time on the enthalpic recovery of differently amorphized sucrose, it is not 
appropriate to compare the magnitude of the enthalpic recovery peaks associated with the FreD 
and SprayD glass transitions, as the SDSC data for these samples was not necessarily collected at 
the same time relative to when the sample was prepared. Thus, the magnitude of the enthalpic 
recovery peaks was not included in Table 3.3.  
In general, Tg was found to decrease with increasing moisture content, with the exception 
of SpinMeltQ, which had a lower Tg onset value than expected given its moisture content. The 
inverse relationship between moisture content and Tg is well-established in the literature for 
amorphous solids, including sucrose, and results from the ability of water to act as a plasticizer 
(Abiad et al., 2009; Roos, 1995). Glass transition temperature values determined for BallM and 
MeltQ were similar to previously reported values (Appendix A); it is important to note that the 
Tg data given for BallM herein is an estimate due to the overlap between the glass transition and 
cold crystallization events, which will be further discussed shortly. On the other hand, Tg values 
determined for FreD and SprayD were substantially lower (approximately 18°C and 30°C, 
respectively) than typical values reported in the literature. The most plausible explanation for this 
finding is that most of the literature-reported Tg values for freeze-dried and spray-dried sucrose 
were obtained from samples that had been subjected to an additional drying step prior to SDSC 
analysis, resulting in samples with a lower residual moisture content and higher Tg. The glass 
transition values for SpinMeltQ were difficult to obtain due to the appearance of an unidentified 
transition overlapping with the glass transition temperature range. For this reason, there may be a 
degree of uncertainty associated with the acquired Tg onset, Tg midpoint, and Tg endpoint values.  
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Due to the limitations of SDSC, MDSC experiments were conducted to resolve the 
complex thermal transitions observed in the SDSC curves. Annotated MDSC curves for “as is” 
amorphous sucrose samples are given in Figure 3.15, and the Tg parameters obtained from the 
reversing heat flow signal are summarized in Table 3.5. It is worth noting that MDSC results 
vary slightly depending on the modulation period (in seconds) selected by the user. The cause of 
these differences is known as the "Frequency Effect" and is discussed in detail in Thomas 
(2006). In short, the total signal in MDSC is the result of the linear or average heating rate, while 
the reversing signal is a function of both the average heating rate and the modulation period. 
Since modulation period is inversely related to frequency, and the glass transition is a frequency-
dependent transition, with a higher frequency resulting in a higher glass transition temperature, 
the glass transition observed in the reversing signal occurs at a slightly higher temperature than 
in the total signal. Additionally, the "Frequency Effect" causes the endothermic recovery peak in 
the nonreversing heat flow signal to be slightly larger than in the total heat flow signal. However, 
these differences do not affect the conclusions drawn from the MDSC data herein, since, as 
previously mentioned, accurately quantifying the magnitude of the endothermic recovery peak 
was not the focus of this study and it is well-known that the glass transition temperature is 
affected by both the measurement technique and experimental parameters employed, including 
frequency (Abiad et al., 2009; Schmidt, 2004). 
For FreD and SprayD (Figure 3.15a, b), the MDSC total heat flow signal (green), which 
is equivalent to the SDSC heat flow signal, again showed the presence of an endothermic peak 
immediately following the glass transition. The reversing (blue) and nonreversing (red) heat flow 
signals revealed, respectively, that the two overlapping thermal events were a glass transition and 
an endothermic enthalpic recovery peak, confirming the SDSC results. Moreover, separation of 
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the glass transition from the enthalpic recovery peak provided a more straightforward 
measurement of the Tg parameters, as it has been shown that the presence of an enthalpic 
recovery peak can affect the resultant SDSC Tg values if the data is not carefully analyzed 
(Gabbott, 2008; Wungtanagorn and Schmidt, 2001; Yuan et al., 2011). 
MDSC of SpinMeltQ demonstrated that the unidentified thermal event overlapping the 
glass transition was an exothermic peak, as seen in the nonreversing heat flow signal (Figure 
3.15e). To determine whether the unknown peak was due to crystallization or enthalpic 
relaxation, two possible processes that would result in an exothermic peak in the nonreversing 
heat flow signal, an additional MDSC experiment was performed, wherein a sample of 
SpinMeltQ was held isothermally at 60°C (slightly below Tg onset) for 4 hours and then heated 
above the glass transition to determine the thermal behavior of the sample after annealing (Figure 
3.16). PXRD data was also collected for the annealed SpinMeltQ sample, which was prepared by 
heating a flame-sealed ampule containing approximately 0.1 g of SpinMeltQ in a Gas 
Chromatograph (GC) oven (Agilent Technologies, Inc., Santa Clara, CA) at 60°C for 4 hours. 
Comparing the MDSC curves of “as is” and annealed SpinMeltQ, it is apparent that annealing at 
60°C eliminated the unknown peak from the glass transition region in the total heat flow signal, 
and consequently the exothermic peak from the nonreversing heat flow signal. If the 
disappearance of this peak was the result of crystallization, then it would be expected that the 
PXRD pattern for the annealed SpinMeltQ sample would contain diffraction peaks characteristic 
of the formation of crystalline material. However, the PXRD data (Figure 3.17) indicates that the 
“as is” and annealed SpinMeltQ samples are both X-ray amorphous, although the differences in 
the shapes of the diffractograms suggest that the annealing process may have resulted in a 
change in the local molecular ordering of the SpinMeltQ sample. Moreover, after annealing, the 
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MDSC nonreversing heat flow signal contained an endothermic peak that was not present in the 
“as is” sample; this peak is likely due to enthalpic recovery, and implies that the enthalpic 
relaxation event, which takes place concomitantly with the glass transition in the “as is” sample, 
occurred during the annealing process. Thus, both the MDSC and PXRD data support the 
conclusion that the exothermic peak is the result of enthalpic relaxation. 
Similar to SpinMeltQ, MDSC analysis of BallM revealed that the glass transition is 
overlapped by an exothermic enthalpic relaxation peak (Figure 3.15c). Furthermore, the 
separation of these two heat flow signals exposed another overlapping transition not immediately 
identifiable in the total heat flow signal – the onset of cold crystallization begins before the end 
of the glass transition. This observation demonstrates how readily BallM is able to undergo 
recrystallization upon heating. However, from a data analysis standpoint, the overlap between 
the glass transition and cold crystallization events prevents the proper selection of a starting point 
that is before the onset of cold crystallization for Running Integral analysis of the SDSC data. 
Consequently, the Tc and Tm data given for BallM are also estimated values, as the integration 
limits were selected by the user rather than based on theoretical considerations.  
Upon heating above the glass transition, SDSC curves show that FreD, SprayD, BallM, 
and SpinMeltQ exhibited an exothermic cold crystallization peak, but that MeltQ did not (Figure 
3.13c); these findings are consistent with those reported in the literature for sucrose (Appendix 
A). In samples that exhibited cold crystallization, a broad endothermic peak associated with the 
melting of crystals formed during cold crystallization was also detected. Running Integral 
analysis curves for FreD, SprayD, BallM, and SpinMeltQ provide further insight into the cold 
crystallization and melting behaviors of these samples (Figure 3.18); regardless of amorphization 
method, it was found that the cold crystallization and melting events overlapped, as indicated by 
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the absence of a plateau region in the Running Integral curves. This implies that the endothermic 
melting of some crystals covers up the exothermic crystallization of others.  
Significant differences in the Tc parameters were noted; BallM had the lowest Tc onset, 
while SpinMeltQ crystallized at the highest Tc onset, immediately prior to sample melting. One 
possible reason for the tendency of BallM to recrystallize at lower temperatures than FreD, 
SprayD, and SpinMeltQ is its residual crystalline content, which, as discussed previously, was 
found to be approximately 28% via PXRD and MDSC (Table 3.2). It is well-known that 
crystalline material within an amorphous solid can function as nuclei and, thus, facilitate the 
recrystallization process (Bhugra et al., 2007; Graeser et al., 2008; Karmwar et al., 2011; Saleki-
Gerhardt et al., 1994; Savolainen et al., 2007b; Trasi et al., 2010; Zhang et al., 2009). The higher 
Tc onset associated with SpinMeltQ is likely the result of the presence of thermal decomposition 
compounds generated during the heating portion of the spin-melt-quenching process, as previous 
studies have shown that Tc onset increases when sucrose is co-lyophilized with other 
monosaccharides, such as glucose and fructose (Kinugawa et al., 2015; Roos and Karel, 1991; 
Saleki-Gerhardt and Zografi, 1994). The difference between the Tc onset of FreD and SprayD, 
which were described earlier as having a similar % amorphous content and chemical 
composition, may be attributed to the difference in sample moisture content; several authors have 
found that, along with Tg, Tc onset of freeze-dried sucrose decreases with increasing moisture 
content (Raemy et al., 1993; Saleki-Gerhardt and Zografi, 1994; te Booy et al., 1992).       
As previously discussed, FreD, SprayD, BallM, and SpinMeltQ exhibited measurable 
weight loss during TGA experiments, which was attributed to evaporation of “free” water. 
Overlay plots comparing TGA and SDSC data indicate that weight loss in FreD and BallM 
occurred in two steps, whereas weight loss in SprayD and SpinMeltQ occurred in only one 
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(Figure 3.19). In all four samples, the TGA derivative weight loss plot contained an initial peak, 
(corresponding to the greatest rate of weight loss) that was close to, but slightly higher in 
temperature than, the respective glass transitions of the samples; this slight shift in TGA events 
to higher temperatures results from the fact that initial water loss causes an increase in the glass 
transition temperature, as well as a delay in cold crystallization compared to SDSC experiments, 
which were conducted in sealed pans. In FreD and BallM, a second peak in the TGA derivative 
weight loss plot occurred slightly above cold crystallization, and is likely due to water liberated 
from the sample upon crystallization. 
3.5 Conclusions 
Amorphous sucrose prepared by freeze-drying, spray-drying, ball milling, melt-
quenching and spin-melt-quenching significantly differed in the majority of physicochemical 
properties studied, including morphology, local structure, moisture content, aw, chemical 
composition, and thermal behavior. FreD, SprayD, BallM, and SpinMeltQ formed distinct 
particles or strands, while MeltQ formed a single mass with few surface folds or cracks. In 
general, FreD and SprayD were characterized by a higher moisture content, lower glass 
transition temperature, and a lack of thermal decomposition indicator compounds. On the other 
hand, MeltQ and SpinMeltQ were characterized by a lower moisture content, higher glass 
transition temperature, and the presence of thermal decomposition indicator compounds. These 
general differences were attributed to differences in amorphization route, as FreD and SprayD 
were prepared via a solution, whereas MeltQ and SpinMeltQ were prepared via heating 
crystalline sucrose to form a melt. In most physicochemical attributes, BallM fell between the 
amorphous sucrose prepared by solution and melt-based amorphization methods, exhibiting an 
intermediary moisture content and glass transition temperature, and containing small, but 
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significant, quantities of thermal decomposition indicator compounds. However, BallM was the 
only sample that consisted of a significant % crystalline content, as evidenced by PXRD, as well 
as SDSC and MDSC. FreD, SprayD, MeltQ, and SpinMeltQ were all found to be amorphous, 
however, PDF analysis identified subtle differences in the local structure of MeltQ, indicative of 
less molecular ordering, as compared to the other 100% amorphous sucrose samples; additional 
molecular modeling work is necessary to establish the origin of these structural differences. 
Lastly, FreD, SprayD, BallM, and SpinMeltQ exhibited an exothermic cold crystallization peak 
upon heating, but MeltQ did not. While this observation has been previously reported in the 
literature, the underlying cause(s) of the lack of cold crystallization in MeltQ have not been 
conclusively determined and, therefore, warrant additional research.  
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3.7 Figures and Tables 
 
Figure 3.1: SDSC curves from preliminary ball milling studies done in the Schmidt laboratory, 
which show an increase in the size of the glass transition with increasing milling time; this 
indicates that the amount of amorphous sucrose created via ball milling increases with increasing 







Figure 3.2: SDSC curves of “as is” crystalline sucrose (a), and crystalline sucrose milled for 1 hr 
(b), 2 hrs (c), 10 hrs (d), and 60 hrs (e). Milled samples (~5 g) were prepared in a Pulverisette 6 
centrifugal ball mill (Fritsch GmbH, Idar-Oberstein, Germany) using a stainless steel grinding 
vial with two, 2 cm diameter stainless steel balls. The results indicate that amorphization degree 





Figure 3.3: Rietveld refinement results for one batch of BallM sucrose. Results for the second 
batch of BallM, as well as the calculated percent crystalline content given by the software for 





Figure 3.4: SDSC curves from preliminary cycling experiment done in the Schmidt laboratory 
using analytical grade crystalline sucrose, which show that the glass transition temperature 
decreases upon repeated heating to 200°C, but the ΔCp associated with the glass transition 





Figure 3.5: Example SDSC curve (green) and resultant Running Integral analysis plot (blue), 
showing how Tc onset, Tm onset, ΔHc onset, and ΔHm onset values were obtained from the Running 
Integral curve. Ti and Tf correspond to the initial and final temperature values on the SDSC curve 
selected for Running Integral analysis. The * symbol illustrates how the value (J/g) of the 
Running Integral curve at an arbitrary temperature, Ta, is equivalent to the total area under the 





Figure 3.6: Illustration of a nested experimental design. A nested design can be thought of as a 
hierarchical arrangement of factors whereby a treatment (i.e., amorphization method) is sub-
replicated to produce nested levels of a random factor (i.e., batch) that are unique to the level 
within which they are nested (e.g., batches 1 and 2 are unique to FreD because of the inherent 
relationship between amorphization method and the resultant amorphous material). Each level of 
sub-replication reduces the amount of unexplained variation, thereby increasing the power of the 
test for the main treatment effect (i.e., the effect of amorphization method). Text adapted from 






Figure 3.7: Representative SEM images of “as is” FreD (a), SprayD (b), BallM (c), MeltQ (d), 
and SpinMeltQ (e). Additional SEM images from each batch of the aforementioned 




Figure 3.8: Powder X-ray diffraction patterns of “as is” FreD, SprayD, BallM, MeltQ, 
SpinMeltQ, and crystalline sucrose displayed as a function of 2θ (as collected). Only one 
diffractogram is shown for each amorphization method, however, additional diffractograms are 





Figure 3.9: Powder X-ray diffraction patterns of “as is” FreD, SprayD, BallM, MeltQ, 
SpinMeltQ, and crystalline sucrose displayed as a function of Q for ease of comparison with the 
one-dimensional powder X-ray diffraction patterns obtained from total scattering experiments 












Figure 3.11: One-dimensional powder X-ray diffraction patterns of “as is” FreD, SprayD, MeltQ, 
and SpinMeltQ determined from total scattering experiments carried out using a high energy 
synchrotron source. The diffraction patterns are presented a) as-integrated, b) renormalized by 
the high-Q intensities, and c) zoomed in to the low-Q region (the boxed area identified in Figure 
3.9b) to highlight shifts in the diffraction maxima between MeltQ and the other “as is” 
amorphous sucrose samples. The discrepancies in the diffraction intensities of the as-integrated 
patterns likely result from differences in packing efficiency of the differently amorphized sucrose 
samples, as the MeltQ sample was quenched directly inside the capillary whereas FreD, SprayD, 





Figure 3.12: PDFs of “as is” FreD, SprayD, MeltQ, and SpinMeltQ shown in a) full view (Qmax = 
22.0 Å-1), b) zoomed in to the mid-r region (the dashed box area identified in Figure 3.10a) (Qmax 
= 22.0 Å-1), and c) zoomed in to the mid-r region, but replotted using a lower Qmax = 16.0 Å-1 to 







Figure 3.13: SDSC curves of “as is” FreD, SprayD, BallM, MeltQ, and SpinMeltQ, where a) full 
thermal profile of all samples, b) close-up of the glass transition region, and c) close-up of the 









Figure 3.14: Representative SDSC curve of SprayD, which shows that the magnitude of the 
enthalpic recovery peak increases with increasing annealing time below the glass transition 






Figure 3.15: MDSC curves showing the glass transition region (first heat only) for “as is” FreD 
(a), SprayD (b), BallM (c), MeltQ (d), and SpinMeltQ (e). The total heat flow signal, equivalent 
to SDSC, is given in green, while the reversing and nonreversing heat flow signals are given in 
blue and red, respectively. The glass transition and other overlapping thermal events (e.g., 
enthalpic relaxation, enthalpic recovery) are identified where present. Note: the total, reversing, 
and nonreversing heat flow signals within a given figure are all shown at the same sensitivity. In 















Figure 3.16: MDSC curves showing the glass transition region for “as is” SpinMeltQ and 
SpinMeltQ annealed at 60°C for 4 hours. The total heat flow signal, equivalent to SDSC, is given 
























Figure 3.17: Powder X-ray diffraction patterns of “as is” SpinMeltQ and SpinMeltQ annealed at 
60°C for 4 hours, which revealed that annealing near the glass transition temperature of 
SpinMeltQ did not induce crystallization (indicated by the lack of crystalline diffraction peaks in 
the PXRD pattern for the annealed sample). This data supports the conclusion that the 






Figure 3.18: Overlay of Running Integral analysis plots for “as is” FreD, SprayD, BallM, and 
SpinMeltQ. The MeltQ SDSC curve was not analyzed via the Running Integral function because 






Figure 3.19: Overlay of TGA and SDSC curves for “as is” FreD (a), SprayD (b), BallM (c), 
MeltQ (d), and SpinMeltQ (e) obtained at a heating rate of 10°C/min. TGA data is displayed as 
both % weight loss and derivative weight loss (%/min) versus temperature, and SDSC data is 

















Table 3.1: Summarized morphological characteristics of “as is” FreD, SprayD, BallM, MeltQ, 
and SpinMeltQ sucrose determined from SEM images presented in Figure 3.7 (where N/A = not 
applicable). 
 
Sample Morphology Estimated particle diameter 
FreD Broken glass/thin flakes 20-500 µm 
SprayD Spherical 1-15 µm 
BallM Misshapen, irregular clumps 1-25 µm 
MeltQ  Smooth  N/A 




Table 3.2: Percent amorphous and crystalline contents of “as is” FreD, SprayD, BallM, MeltQ, 
and SpinMeltQ sucrose, which were calculated from data collected via SDSC, MDSC, and 
PXRD. Values in the same column with the same superscript letter are not significantly different 
from one another at an α = 0.05 significance level. 
*Estimate due to the overlap between the glass transition and cold crystallization events, which cannot be separated 
using SDSC. 
**Estimate due to the overlap between the glass transition and cold crystallization events, which prevents the proper 
selection of a starting point for Running Integral analysis that is before the onset of cold crystallization.   
***Calculated using the equation % crystalline content = 100% - % amorphous content due to the lack of cold 
crystallization and melting peaks in MeltQ. 
†Statistical analysis was not performed because, as explained in the Results and Discussion section, the negative % 
crystalline content values are not theoretically possible and most likely due to a small amount of error associated 
with the SDSC measurement.  
Sample 
% Amorphous Content % Crystalline Content 
via SDSC via MDSC via PXRD via SDSC via MDSC via PXRD 











































Table 3.3: Water-related properties, % wet basis (wb) moisture content (via Karl Fischer (KF) titration), % total weight loss (via 
TGA), and water activity (aw), and thermal behavior of “as is” FreD, SprayD, BallM, MeltQ, and SpinMeltQ sucrose obtained using 
SDSC at 10°C/min (where NP = not present in the DSC curve and NM = not measurable). Values in the same column with the same 










Tg parameters  Tc parameters Tm parameters 









































































































0.05bc NP NP NP NP NP NP 

























*Estimate due to the overlap between the glass transition and cold crystallization events, which cannot be separated using SDSC. 
**Estimate due to the overlap between the glass transition and cold crystallization events, which prevents the proper selection of a starting point for Running 





Table 3.4: Chemical composition of “as is” FreD, SprayD, BallM, MeltQ, and SpinMeltQ 
sucrose (where NP = not present). Sucrose, glucose, fructose, and 5-HMF data were collected 
using HPLC, and 1-kestose data was collected using HPAEC-PAD. Values in the same column 
with the same superscript letter are not significantly different from one another at an α = 0.05 
significance level. 









FreD 97.4 ± 1.2a  NP NP NP NP 
SprayD 97.1 ± 2.0a NP NP NP NP 
BallM 93.1 ± 0.9b 0.85 ± 0.22c 0.85 ± 0.29b 0.026 ± 0.002a NP 
MeltQ  74.0 ± 3.0c 7.21 ± 1.14a 1.04 ± 0.12a 0.021 ± 0.006b 0.55 ± 0.18
a 






Table 3.5: Thermal behavior of “as is” FreD, SprayD, BallM, MeltQ, and SpinMeltQ sucrose 
obtained using MDSC at a linear heating rate of 1°C/min. Values in the same column with the 
same superscript letter are not significantly different from one another at an α = 0.05 significance 
level. 
Sample 
 Tg parameters 






∆Cp first heat  
(J/(goC)) 




5.79c 0.75 ± 0.01
a  




1.25d 0.65 ± 0.01
c 




2.58b 0.53 ± 0.03
d 




0.94a 0.70 ± 0.04
b 
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Chapter 4: Investigation of sucrose thermal decomposition as a critical determinant 




Due to their metastable nature, amorphous sugars, including sucrose, are prone to 
crystallize upon heating, a process commonly termed cold crystallization. Many researchers have 
reported different cold crystallization behaviors for amorphous sucrose produced via different 
amorphization methods; overall, it has been observed that freeze-dried (FreD), spray-dried 
(SprayD), and ball milled (BallM) amorphous sucrose exhibit cold crystallization, whereas melt-
quenched (MeltQ) amorphous sucrose does not. Three main explanations have been proposed to 
account for the lack of cold crystallization of MeltQ, namely, absence of heterogeneous nuclei, 
lower sample moisture content, and dissimilarity to the crystalline state. However, in light of the 
HPLC and HPAEC-PAD findings presented in Chapter 3, which showed that thermal 
decomposition indicator compounds were present in MeltQ, but not in FreD and SprayD, it is 
plausible that thermal decomposition plays a role in the cold crystallization behavior of MeltQ. 
Thus, the objective of this study was to determine if thermal decomposition is an additional 
factor that contributes to the lack of cold crystallization of MeltQ. To achieve this objective, the 
physicochemical characteristics (e.g., morphology, structure, moisture content, chemical 
composition) and thermal behavior of freeze-dried melt-quenched amorphous sucrose (FreD-
MeltQ), prepared by freeze-drying a melt-quenched amorphous sucrose sample, were compared 
to those of MeltQ and FreD. Despite similarities in morphology, % amorphous/crystalline 
content, moisture content, and glass transition temperature to FreD, FreD-MeltQ did not exhibit 
cold crystallization. These results suggest that two of the three literature explanations – absence 




lack of cold crystallization of FreD-MeltQ. However, structure appears to play an important role 
in cold crystallization behavior, as the combined PXRD and PDF findings demonstrated that 
MeltQ and FreD-MeltQ had a more similar local structure to one another than to FreD. The 
underlying cause of these structural differences appears to be related to the presence of thermal 
decomposition compounds, as similar amounts of the select thermal decomposition indicator 
compounds targeted in this study were measured in both MeltQ and FreD-MeltQ, but not in 
FreD. Based on this evidence, we assert that thermal decomposition is an additional factor that 
contributes to the lack of cold crystallization of MeltQ. 
4.2 Introduction 
The amorphous state of sucrose provides a variety of low-moisture food and 
pharmaceutical products, such as confections, spray-dried flavors, and fast-dissolving tablets, 
with a diverse range of useful properties, including desirable textural attributes, and enhanced 
dissolution rate and solubility (Gharsallaoui et al., 2007; Hancock and Shamblin, 1998; Hartel et 
al., 2011; Jeong et al., 2008; Mathlouthi, 1995; Sugimoto et al., 2001; White and Cakebread, 
1966; Yu, 2001). However, amorphous sucrose is susceptible to heat and/or moisture uptake, 
resulting in undesirable physical changes, such as stickiness, caking, collapse, and 
recrystallization (Mathlouthi, 1995; Roos, 1995a). These undesirable changes are detrimental to 
product quality attributes, including texture, taste, aroma retention, and shelf-life, as well as 
bioavailability and stability in drug systems (Bhandari and Howes, 1999; Guo et al., 2013; Hartel 
and Nowakowski, 2017; Kaushal et al., 2004). Because the stability concerns associated with 
amorphous sucrose-based products are of both practical and economic importance, efforts to 
enhance the stability and quality of amorphous sucrose-based products have been the subject of 




Along with the glass transition temperature, an important parameter used to assess the 
physical stability of amorphous materials, including sucrose, is the cold crystallization 
temperature (Tc) (Kedward et al., 2000). Cold crystallization is defined as an exothermic event 
that occurs when an amorphous material crystallizes during heating above its glass transition 
temperature (Figure 4.1) (Menczel et al., 2009; Thomas and Schmidt, 2017). Additional terms 
have been used in the literature to describe the cold crystallization behavior of food and 
pharmaceutical ingredients, including crystallization (Roos and Karel, 1992, 1991), 
recrystallization (Liao et al., 2002), instant crystallization temperature (Haque and Roos, 2006; 
Mazzobre et al., 2001; Zhou and Roos, 2011), spontaneous recrystallization (Bhugra and Pikal, 
2008), heat-induced crystallization (Berggren and Alderborn, 2003), non-isothermal 
recrystallization (Hancock and Zografi 1997), and thermally induced crystallization (Scheirs 
2000). Many of these terms fail to indicate if the crystallization process occurs as the material is 
cooled from above or heated from below its crystallization temperature. Thus, in an effort to 
promote consistency with the pharmaceutical and materials science literature, and to indicate that 
the material temperature starts below its crystallization temperature (“cold”), the term cold 
crystallization will be used herein.   
To date, exploring the cold crystallization behavior of amorphous materials has proven 
difficult due to the myriad of factors affecting crystallization from the amorphous state. Bhugra 
and Pikal (2008) explored the critical factors affecting the crystallization behavior of various 
amorphous materials, and divided the factors into four major categories: thermodynamic, kinetic 
(molecular mobility), additives, and preparation methods. As indicated in their review, these 
factors are all interconnected, however, the factor that inherently affects all others is the sample 




 In general, amorphous materials, including sucrose, can be produced via several different 
methods, including supercooling from the melt (e.g., melt-quenching, spin-melt-quenching), 
precipitation from solution (e.g., freeze-drying, spray-drying), and mechanical disruption of the 
crystalline lattice (e.g., grinding, milling, compaction) (Bhugra and Pikal, 2008; Einfalt et al., 
2013; Hancock and Zografi, 1997). These amorphization methods impart different thermal 
histories and mechanical stresses to the amorphous material, resulting in amorphous materials 
that differ in both their physical properties (e.g., morphology, particle size, structure) and their 
thermal behavior, including the presence, location, and magnitude of the cold crystallization 
event. Several studies, including Chapter 3 of this dissertation, have reported different cold 
crystallization behaviors for amorphous sucrose prepared by different amorphization methods; 
however, in general, amorphous sucrose prepared by freeze-drying, spray-drying, and ball 
milling exhibited cold crystallization, whereas amorphous sucrose produced by melt-quenching 
did not (Appendix A). While most of the previous studies did not provide an explanation for the 
varied cold crystallization behavior of differently prepared amorphous sucrose, the few studies 
that did have collectively proposed three main explanations for the anomalous cold 
crystallization behavior of melt-quenched amorphous sucrose: absence of heterogeneous nuclei, 
lower sample moisture content, and structural dissimilarity to the crystalline state (Liu et al., 
2008; Mathlouthi, 1995, 1973; Mathlouthi et al., 1986; te Booy et al., 1992).  
First, the lack of cold crystallization in melt-quenched amorphous sucrose has been 
attributed to an absence of heterogeneous nuclei (Liu et al., 2008; Mathlouthi, 1973; Mathlouthi 
et al., 1986; te Booy et al., 1992). It is well-established that the two major steps in the 
crystallization process are nucleation and crystal growth, and that crystallization from the 




1987; Hartel and Shastry, 1991; Roos, 1995b; Saleki-Gerhardt and Zografi, 1994). 
Heterogeneous nuclei increase the rate of nucleation by decreasing the energy required to form 
critical nuclei, which facilitates crystallization (Hartel, 1987; Roos, 1995b). Consequently, melt-
quenched amorphous sucrose was unable to cold crystallize because the energetic barrier for 
nucleation could not be overcome in the absence of heterogeneous nuclei. 
 Second, the inability of melt-quenched amorphous sucrose to cold crystallize upon 
heating has been associated with a lower sample moisture content (te Booy et al., 1992). Water is 
a well-known plasticizer of amorphous materials, which reduces molecular packing by 
penetrating into the spaces of the existing molecular network and interrupting interactions 
between matrix molecules, resulting in an increase in free volume and molecular mobility (Abiad 
et al., 2009; Slade and Levine, 1991). Based on this idea, te Booy et al. (1992), studying the 
thermal behavior of amorphous sucrose prepared by freeze-drying and melt-quenching, 
postulated that the higher moisture content of freeze-dried sucrose facilitated “the movement and 
collisions of sucrose molecules necessary to build up the critical nucleus” required for 
subsequent crystal growth, thus allowing freeze-dried sucrose to cold crystallize. On the other 
hand, the lower moisture content of melt-quenched amorphous sucrose led to increased 
molecular packing and interactions between matrix molecules, restricting molecular mobility and 
ultimately preventing cold crystallization.    
 Third, some researchers have hypothesized that melt-quenched amorphous sucrose does 
not cold crystallize because it is less structurally similar to the crystalline state than amorphous 
sucrose produced by other methods (i.e., freeze-drying, spray-drying, ball milling); this 
explanation is based upon the assumption that amorphous materials are not completely random 




the amorphization method employed (Bordet et al., 2016; Mathlouthi, 1995, 1973; Shalaev and 
Zografi, 2002; Surana et al., 2004; Terban et al., 2016; Yonemochi et al., 1999). The degree of 
local structural similarity of the amorphous state to its crystalline counterpart dictates the amount 
of molecular rearrangement required for nucleation and crystal growth; in the case of melt-
quenched amorphous sucrose, the authors speculated that the local structure of the material 
differed enough from that of crystalline sucrose that significant molecular mobility would have 
been necessary for structural changes to occur and, thus, cold crystallization was inhibited.  
 While these explanations for the lack of cold crystallization in melt-quenched sucrose 
seem plausible, research by Lee et al. (2011a, 2011b, 2011c) suggests another potential 
explanation - the presence of thermal decomposition compounds formed during the heating step 
of the melt-quenching process. According to Lee et al. (2011a, 2011b), sucrose has been found to 
undergo thermal decomposition prior to and concomitantly with the loss of crystalline structure 
upon heating. Given this finding, along with the HPLC and HPAEC-PAD results presented in 
Chapter 3, it seems that thermal decomposition may be involved in the cold crystallization 
behavior of melt-quenched amorphous sucrose. Thus, the objective of this research was to 
determine if thermal decomposition is an additional factor that contributes to the lack of cold 
crystallization of melt-quenched amorphous sucrose. The approach taken herein to investigate 
the effects of thermal decomposition on the cold crystallization behavior of amorphous sucrose 
samples was to freeze-dry an amorphous sucrose sample that was produced via melt-quenching. 
If the previously proposed explanations discussed above (i.e., absence of heterogeneous nuclei, 
lower sample moisture content, and structural dissimilarity to the crystalline state) are sufficient, 
then it is reasonable to expect that the freeze-dried melt-quenched sucrose sample would exhibit 




crystallization, then it is reasonable to conclude that thermal decomposition, indicated by the 
presence of decomposition indicator compounds, contributes to the lack of cold crystallization of 
melt-quenched amorphous sucrose.  
4.3 Materials and Methods  
Materials 
Analytical grade crystalline sucrose (≥99.5%; catalogue number S0389), D-(-)-fructose 
(≥99.5%; F0127), and D-(+)-glucose (99.5%; G8270) from Sigma-Aldrich Co. (St. Louis, MO) 
were used to prepare the amorphous samples in this study. These sucrose, D-(-)-fructose, and D-
(+)-glucose samples, along with 1-kestose (≥98%; 72555) and 5-(hydroxymethyl)furfural (5-
HMF, ≥99%; W501808) also obtained from Sigma-Aldrich Co., were used as standards for 
HPLC and HPAEC-PAD. All ingredients were stored in their original containers under room 
temperature and relative humidity conditions, which were capped and sealed tightly with 
parafilm after opening and between uses.  
Sample preparation and storage 
 Three different amorphous sucrose samples were prepared from analytical grade 
crystalline sucrose: freeze-dried sucrose, melt-quenched sucrose, and freeze-dried melt-quenched 
sucrose. Additionally, analytical grade crystalline sucrose was co-lyophilized with glucose and 
fructose to form a model freeze-dried mixed sugars sample whose composition roughly 
mimicked that of the freeze-dried melt-quenched sucrose sample. Duplicate batches of each 
amorphous sample type were produced in order to control for any possible batch effects. 
Samples were stored under ambient temperature and relative humidity conditions in screw top 




Freeze-dried sucrose (FreD) was prepared by filling a metal tray (width: 7 ½’’, length: 
11 ⅞”, height: 2”) with 200 mL of a 15% (%w/w) sucrose-deionized water solution. Before 
freeze-drying, the sucrose solution was pre-frozen in a -80°C freezer for 24 hours and doused 
with liquid nitrogen for approximately 5 minutes. The frozen sucrose solution was then loaded 
onto the shelf, set to -45°C, of a Unitop 600SL drying chamber (VirTis Company Inc., Gardiner, 
NY) attached to a Freezemobile 12 freeze-dryer (VirTis Company Inc., Gardiner, NY). The 
vacuum (100 militorr) was immediately turned on and the sample was exposed to the following 
step increases in temperature for the specified times: -45°C for 48 hours, -35°C for 24 hours, -
25°C for 24 hours, -15°C for 24 hours, -5°C for 24 hours, 5°C for 24 hours, 15°C for 24 hours, 
and 25°C for 24 hours (Lee et al., 2010).  
Melt-quenched sucrose (MeltQ) was prepared using a bulk, hot plate-based method. 
Previously, many researchers have prepared small-scale melt-quenched amorphous sucrose 
samples using a differential scanning calorimeter (DSC) (Jiang et al., 2008; Kinugawa et al., 
2015; Lee et al., 2011b; Orford et al., 1990; te Booy et al., 1992; Vanhal and Blond, 1999). For 
the present study, however, it was determined that a large-scale melt-quenching technique was 
necessary, as a differential scanning calorimeter could only produce approximately 20 mg of 
melt-quenched amorphous sucrose per DSC sample pan, and many of the characterization 
techniques to be employed, such as moisture content analysis via Karl Fischer titration and 
powder X-ray diffraction, required several grams of sample. Therefore, melt-quenched sucrose 
was prepared by heating and vigorously stirring 25 g of crystalline sucrose with a silicone 
spatula (Core Home, New York, NY) in a 90 x 50 mm crystallizing dish on a hot plate until all 




tray and spread out in a thin layer using a stainless steel offset spatula (The Washburn Company, 
Worcester, MA). 
Freeze-dried melt-quenched sucrose (FreD-MeltQ) was prepared by dissolving two, 
25 g batches of MeltQ in enough deionized water to produce a 15% solution (%w/w). The 
solution was freeze-dried using the same procedure as described for the FreD sample. 
Freeze-dried (sucrose/glucose/fructose) (FreD (S/G/F)) was prepared by filling a metal 
tray (width: 7 ½’’, length: 11 ⅞”, height: 2”) with a 15% (%w/w) deionized water-based solution 
containing 83% sucrose, 16% glucose, and 1% fructose. Glucose and fructose were chosen 
because they are the two most abundant initial thermal decomposition indicator compounds 
formed (Lee et al., 2011a); the relative amounts of sucrose, glucose, and fructose were based on 
preliminary HPLC findings for melt-quenched sucrose produced as described above (data not 
shown). After the solution was pre-frozen for 24 hours in a -80°C freezer, it was doused with 
liquid nitrogen for approximately 5 minutes and then freeze-dried using the same protocol as 
described above for the FreD sample. 
Sample characterization 
Scanning electron microscopy (SEM) was used to observe the morphology and 
physical state of FreD, MeltQ, FreD-MeltQ, and FreD (S/G/F) samples. Small amounts (~30 mg) 
of each batch of amorphous material were mounted on SEM specimen stubs using double-sided 
carbon tape and coated under vacuum with 7 nm of a gold-palladium alloy in a Desk II TSC 
turbo-pumped sputter coater (Denton Vacuum, LLC, Moorestown, NJ). The coated samples were 
then viewed at both 2 and 5kV with a Quanta 450 FEG Scanning Electron Microscope (FEI 




Powder X-ray diffraction (PXRD) was used to assess the physical state of FreD, 
MeltQ, FreD-MeltQ, and FreD (S/G/F) samples. Powder X-ray diffraction data was obtained 
with the use of Cu-Kα radiation (40 kV – 15 mA) on a MiniFlex 600 benchtop powder X-ray 
diffractometer (Rigaku Corporation, The Woodlands, TX) in the Bragg-Brentano configuration. 
PXRD patterns were collected in the step-wise mode over a 2θ range of 5-100º using a step size 
of 0.02º and step time of 2 seconds. Similar to Chapter 3, powder X-ray diffraction patterns were 
displayed as a function of both 2θ (as collected) and Q, the magnitude of the scattering 
momentum transfer, for ease of comparison with the one-dimensional powder diffraction 
patterns obtained from total scattering experiments. Q was calculated using Equation 4.1 
(Billinge, 2008): 




where θ is the half the scattering angle and 𝝀𝝀 is the wavelength of the incident X-rays, which was 
equal to 1.54178 Å for the Cu-Kα radiation source in the MiniFlex 600. 
Total scattering pair distribution function (TSPDF) was employed to study the 
nanoscale structure of FreD, MeltQ, FreD-MeltQ, and FreD (S/G/F) samples. Duplicate batches 
of FreD and MeltQ, and one batch of FreD (S/G/F), were measured by total scattering powder 
diffraction on beamline 28-ID-2 at the National Synchrotron Light Source (NSLS-II) at 
Brookhaven National Laboratory (BNL) in Upton, NY. Due to a change in location of our 
collaborator, duplicate batches of FreD-MeltQ and the second batch of FreD (S/G/F) were 
measured at a later date on beamline ID31 at the European Synchrotron Radiation Facility 
(ESRF) in Grenoble, France. Prior to testing, samples were packed into 1 mm ID Kapton 
capillaries (Cole-Parmer, Vernon Hills, IL), which were individually sealed into screw top glass 




amount of Drierite (W.A. Hammond Drierite Co., Ltd., Xenia, OH) using a FoodSaver® V3420 
vacuum sealer (FoodSaver, Sunbeam Products, Inc., Boca Raton, FL) to reduce the chance of 
moisture-induced crystallization occurring during shipment and/or sample storage. All total 
scattering data were collected at room temperature for 10 minutes using the rapid-acquisition 
PDF method (RA-PDF) (Chupas et al., 2003). For experiments conducted at Brookhaven 
National Laboratory, a two-dimensional, flat panel X-ray detector (PerkinElmer, Inc., Santa 
Clara, CA) was placed perpendicular to the X-ray beam (λ = 0.1866 Å) approximately 203 mm 
behind the samples. For experiments conducted at the ESRF, a two-dimensional Pilatus3 X CdTe 
2M detector (Dectris Ltd., Baden, Switzerland) was positioned perpendicular to the X-ray beam 
(λ = 0.18087 Å) approximately 273 mm behind the samples. Detector geometry was calibrated 
with a crystalline nickel standard at Brookhaven National Laboratory, and with a crystalline 
CeO2 standard at the ESRF. Detector calibration was performed at both locations using the 
azimuthal integration software pyFAI (Kieffer and Karkoulis, 2013). 
The raw data images were summed and corrected for polarization effects, then 
azimuthally integrated to produce one-dimensional powder diffraction patterns using software 
from xpdtools. Prior to integration, additional masking software was utilized to remove 
statistically significant outlier pixel defects (Wright and Zhou, 2017). Corrections and data 
normalization were carried out to obtain the total scattering structure function, F(Q), which was 
Fourier transformed to obtain the TSPDF, G(r), using PDFgetX3 (Juhás et al., 2013) within the 
xPDFsuite (Yang et al., 2015). Scattering contributions from the empty capillary and air 
scattering were measured and subtracted. The maximum range of data used in the Fourier 
transform (Qmax, where Q = 4πsinθ/λ is the magnitude of the scattering momentum transfer) was 




Moisture content was determined via volumetric Karl Fischer titration using an 
Aquastar AQV21 Volumetric Titrator (EMD Millipore Corporation, Darmstadt, Germany) with a 
two solvent system composed of a 50:50 mixture of formamide and methanol. Measurements 
were performed in duplicate for each batch of FreD, MeltQ, FreD-MeltQ, and FreD (S/G/F) by 
DonLevy Laboratories (Crown Point, IN) and reported on a % wet basis (g water/g sample x 
100%). The relative humidity and temperature of the laboratory at the time of data collection 
were also recorded to account for any potentially abnormal results that might be attributed to 
high environmental humidity and elevated temperature rather than actual variations in sample 
moisture content. Laboratory environmental conditions were found to be fairly consistent across 
all data collection times, with an average ambient relative humidity of 22% and temperature of 
23°C. 
High-performance liquid chromatography (HPLC) was employed to determine if 
select sucrose thermal decomposition indicator compounds, glucose, fructose, and 5-HMF, could 
be detected in FreD, MeltQ, FreD-MeltQ, and FreD (S/G/F) samples. Stock solutions were 
prepared by weighing approximately 10 mg of each sample in a 1.7 mL Posi-Click™ 
microcentrifuge tube (Denville Scientific Inc., Holliston, MA). 1 mL of 18MΩ water was added 
to each tube, and the mixture was vortexed for 10 seconds using a Vortex-Genie 2 (Scientific 
Industries, Inc., Bohemia, NY) on setting 10 to form a solution. From preliminary HPLC 
experiments using the aforementioned stock solutions, it was found that the concentration of 
sucrose was generally several orders of magnitude greater than that of any other analyte 
measured, making it difficult to accurately quantify all analytes simultaneously. Therefore, an 
additional solution was prepared by diluting the original stock solution tenfold (final solution 




material were then pipetted into 96-well V-bottom microplates (Corning Inc., Kennebunk, ME), 
which were covered with Zone-Free™ sealing film (Excel Scientific, Inc., Victorville, CA). 
Chromatographic analyses were conducted using an LC-20AD Prominence equipped with a 
RID-10A refractive index (RI) detector and an SDP-20A UV detector (Shimadzu America, Inc., 
Columbia, MD). An Aminex HPX-87P lead-form cation exchange resin-based column (300 x 
7.8 mm) packed with a sulfonated divinyl benzene-styrene copolymer (9 µm particle size) (Bio-
Rad Laboratories, Inc., Richmond, CA) was used as the analytical column. De-ashing and Carbo-
P micro-guard cartridges (30 x 4.6 mm) (Bio-Rad Laboratories, Inc., Richmond, CA) were used 
as the guard columns. The analytical column was maintained at 85°C, and all standards and 
sample solutions were eluted isocratically with 18MΩ water at a flow rate of 0.6 mL/min. 
Sucrose, glucose, and fructose peaks were determined using the RI detector, while 5-HMF was 
simultaneously measured using the UV detector at a wavelength of 277 nm. Chromatographic 
peaks were identified by comparing their retention times to those of authentic standards, and 
quantified using six point standard curves. All computations were performed using Shimadzu 
LCsolution software (Version 1.23 SPI, Shimadzu America, Inc., Columbia, MD). Sucrose 
concentrations were determined from results for the 1 mg/mL solutions, and glucose, fructose, 
and 5-HMF concentrations were determined from results for the 10 mg/mL solutions. HPLC 
analysis was performed in triplicate for each batch of FreD, MeltQ, FreD-MeltQ, and FreD 
(S/G/F). Sucrose results were displayed as the average % ratio of sucrose remaining (mg/mL) to 
the total sample concentration (mg/mL). Glucose, fructose, and 5-HMF results were displayed as 
the average % ratio of the specific decomposition compound formed during the amorphization 




High-performance anion-exchange chromatography with pulsed amperometric 
detection (HPAEC-PAD) was carried out to determine if other sucrose thermal decomposition 
indicator compounds, specifically 1-kestose, could be identified and quantified in FreD, MeltQ, 
FreD-MeltQ, and FreD (S/G/F) samples. Stock solutions of each amorphous material, described 
in the HPLC methods section, were diluted 1:100 with 18 MΩ water in 2 mL target vials with 
pre-slit septa (Thermo Fisher Scientific, Waltham, MA) for HPAEC-PAD analysis. Samples (5 
µL) were then analyzed on a Thermo Scientific ICS 5000 HPAEC-PAD (Thermo Scientific, 
Sunnyvale, CA) utilizing a Dionex PA-10 column (2 mm x 250 mm) (Thermo Scientific, 
Sunnyvale, CA). The system was operated at 0.25 mL/min running 90 mM NaOH isocratically 
for 30 minutes. Prior to injection, samples were maintained at 4°C. 1-kestose was identified and 
quantified from authentic standards run several times during the course of analysis. Triplicate 
HPAEC-PAD analyses were performed for each batch of FreD, MeltQ, FreD-MeltQ, and FreD 
(S/G/F). 
Standard differential scanning calorimetry (SDSC) was used to quantitatively 
measure the initial structure (i.e., % amorphous/crystalline content) of FreD, MeltQ, FreD-
MeltQ, and FreD (S/G/F) samples, as well as analyze their thermal behavior upon heating. All 
experiments were performed using a DSC Q2000 (TA Instruments, New Castle, DE) equipped 
with a refrigerated cooling system (RCS 90) and purged with dry nitrogen gas at a flow rate of 
50 mL/min. Prior to sample testing, the DSC was calibrated for temperature and enthalpy using 
indium (Tm onset = 156.6°C and ΔH = 28.71 J/g), and for heat capacity using a 25.25 mg sapphire 
disk (PN 970370.901, TA Instruments, New Castle, DE). All calibrations and sample 




(typically used for crimped pans) and an outer Tzero hermetic lid (TA Instruments, New Castle, 
DE). 
The SDSC protocol developed in Chapter 3 to measure sample % amorphous/crystalline 
content and thermal parameters was also used in the present study. Specifically, triplicate 
samples (~10 mg) from each batch of amorphous material were heated at 10°C/min from -50°C 
to 200°C, and then immediately quench-cooled to -50ºC to form, in situ, a 100% amorphous 
structure that could be used as a unique internal standard for determination of the amount of 
amorphous structure in the original sample. To determine the ΔCp for the 100% amorphous 
material, samples were heated a second time under the same conditions as the first heat. The ΔCp 
values from the first and second heating steps were used to calculate the % amorphous content of 
the original sample (Equation 4.2): 
% 𝐴𝐴𝐴𝐴𝑀𝑀𝑅𝑅𝐴𝐴ℎ𝑀𝑀𝑀𝑀𝑅𝑅 𝑐𝑐𝑀𝑀𝑅𝑅𝑑𝑑𝑅𝑅𝑅𝑅𝑑𝑑 =  
∆𝐶𝐶𝑝𝑝 𝑟𝑟𝑓𝑓𝑟𝑟𝑠𝑠𝑓𝑓 ℎ𝑟𝑟𝑎𝑎𝑓𝑓
∆𝐶𝐶𝑝𝑝 𝑠𝑠𝑟𝑟𝑟𝑟𝑜𝑜𝑟𝑟𝑑𝑑 ℎ𝑟𝑟𝑎𝑎𝑓𝑓
 • 100 (4.2) 
All DSC curves were analyzed using Universal Analysis (UA) software (Version 4.5A, 
TA Instruments, New Castle, DE) to obtain parameters associated with the glass transition (Tg) 
(Tg onset, Tg midpoint, Tg endpoint, ΔCp, and % amorphous content), cold crystallization (Tc) (Tc onset, Tc 
peak, and ΔHc), and melting (Tm) (Tm onset, Tm peak, and ΔHm). The glass transition was analyzed 
using the Glass/Step change function with Manual Tangent Selection, Step Midpoint set at Half 
Height, and Step Change (ΔCp) calculated at the Midpoint. Due to the overlap between the cold 
crystallization and melting events, parameters associated with these two thermal events could not 
be accurately determined by selecting separate integration limits. Thus, the cold crystallization 
and melting events were analyzed simultaneously using the Running Integral analysis option to 
produce a plot of total peak area (J/g) as a function of temperature between the onset of cold 




Tc peak, ΔHc, Tm onset, Tm peak, and ΔHm) were determined from the Running Integral plot as 
described in Chapter 3. Percent crystalline content was determined using Equation 4.3 (Sichina, 
2000): 
% 𝐶𝐶𝑅𝑅𝐶𝐶𝑅𝑅𝑑𝑑𝑎𝑎𝑀𝑀𝑀𝑀𝑅𝑅𝑅𝑅𝑅𝑅 𝑐𝑐𝑀𝑀𝑅𝑅𝑑𝑑𝑅𝑅𝑅𝑅𝑑𝑑 =  
(∆𝑑𝑑𝑎𝑎 − ∆𝑑𝑑𝑟𝑟)
∆𝑑𝑑𝑎𝑎𝑜𝑜
• 100 (4.3) 
where ∆𝑑𝑑𝑎𝑎 is the heat of melting (J/g), ∆𝑑𝑑𝑟𝑟 is the heat of cold crystallization, and ∆𝑑𝑑𝑎𝑎𝑜𝑜 is the 
heat of melting (a reference value) for 100% crystalline sucrose obtained at a heating rate of 
10°C/min, 131.46 J/g (Magon et al., 2015). 
Modulated differential scanning calorimetry (MDSC) was employed as an additional 
means to quantitatively measure the % amorphous/crystalline content of FreD, MeltQ, FreD-
MeltQ, and FreD (S/G/F) samples, as well as to resolve any complex thermal transitions 
observed using SDSC. All experiments were performed using the DSC Q2000. Prior to sample 
measurements, the MDSC Reversing Heat Capacity (Rev Cp) signal was calibrated for accurate 
measurement of sample heat capacity using a 25.25 mg sapphire disk (PN 970370.901, TA 
Instruments, New Castle, DE) and 10.50 mg analytical grade crystalline sucrose (Sigma-Aldrich 
Co., St. Louis, MO). The sapphire and crystalline sucrose calibration standards were sealed into 
pre-weighed aluminum Tzero pans with an inner Tzero lid and an outer Tzero hermetic lid. Rev Cp 
was measured at 27ºC for 15 minutes using a modulation amplitude of ± 1.0ºC and a modulation 
period of 70 seconds. Each calibration standard was run in triplicate and the data was used to 
calculate the Reversing Heat Capacity calibration constant (KCp) by dividing the theoretical 
value of the sample heat capacity at 27ºC (Cp (sapphire) = 0.779 J/(gºC), Cp (sucrose) = 1.25 
J/(gºC)) by the experimentally measured value. Studies by the instrument manufacturer have 
indicated that this calibration procedure results in heat capacity measurements with an accuracy 




 For sample measurements, triplicate samples (~10 mg) from each batch of FreD, MeltQ, 
FreD-MeltQ, and FreD (S/G/F) were heated from -20ºC to 100ºC at a linear heating rate of 
1ºC/min using a modulation amplitude of ± 0.5ºC, a modulation period of 70 seconds, and a 
sampling interval of 3 seconds/point. Following this initial temperature ramp, samples were 
further heated at 10ºC/min to 200ºC, re-equilibrated at -20ºC, and finally reheated at 1ºC/min to 
100ºC. The additional equilibration and heating steps were used to measure the ΔCp associated 
with the glass transition of the 100% amorphous internal standard, which enabled the % 
amorphous content of the samples to be calculated using Equation 4.2 (described in the standard 
differential scanning calorimetry section). The MDSC results were analyzed using UA software 
(Version 4.5A, TA Instruments, New Castle, DE) to determine glass transition parameters (Tg 
onset, Tg midpoint, Tg endpoint, ΔCp, and % amorphous content). Cold crystallization and melting data 
were not gathered during MDSC experiments because the 1°C/min linear heating rate employed, 
which was necessary to obtain the minimum number of modulation cycles over the temperature 
range of the glass transition, would have caused excessive decomposition to occur during loss of 
crystalline structure, making it impossible to accurately measure the initial % crystalline content 
from the combined crystallization and melting data. Therefore, sample % crystalline content was 
determined by subtracting the calculated % amorphous content from 100%, which is an equally 
valid method for obtaining % crystalline content. Data was displayed as plots of total heat flow, 
reversing heat flow, and nonreversing heat flow as a function of temperature.  
Statistical analysis 
Moisture content, chromatographic data from HPLC and HPAEC-PAD, and thermal 
parameters from SDSC and MDSC were analyzed for sample differences using the PROC 




way Analysis of Variance (ANOVA), with amorphous sample type treated as a fixed factor and 
batches nested within amorphous sample type and treated as random (Figure 4.2). Means 
separation via Tukey’s HSD (honest significant difference) test was also conducted in SAS® 
using the PROC GLM function when amorphous sample type was determined as significant by 
ANOVA. A significance level of α = 0.05 was used for all judgments.  
4.4 Results and Discussion 
An evidence-assertion approach will be employed in the following section, wherein the 
results from each characterization method will be presented first as evidence, and then combined 
to form a hypothesis (assertion) that addresses the primary objective of this study, namely, to 
determine if thermal decomposition is an additional factor that contributes to the lack of cold 
crystallization of MeltQ. It should be noted that the results presented for FreD and MeltQ 
samples are the same as those reported in Chapter 3.  
Evidence  
Morphology 
Summarized morphology and particle size information for FreD, MeltQ, FreD-MeltQ, 
and FreD (S/G/F), obtained from the SEM images in Figure 4.3, are presented in Table 4.1. Both 
the morphology and estimated particle size of FreD, FreD-MeltQ, and FreD (S/G/F) were found 
to differ from that of MeltQ. FreD, FreD-MeltQ, and FreD (S/G/F) were characterized by 
particles resembling broken glass that ranged in diameter from approximately 20-500 µm, 
whereas MeltQ consisted of a single, uniform mass, with only a few visible bumps in its 




Structural characteristics - % amorphous/crystalline content 
The PXRD profiles of FreD, MeltQ, FreD-MeltQ, and FreD (S/G/F) indicated that all 
four samples were amorphous, as evidenced by the presence of a halo pattern that is typical of 
amorphous solids (Figure 4.4). Quantitative % amorphous content results from SDSC and 
MDSC agreed well with the PXRD findings, confirming that FreD, MeltQ, FreD-MeltQ, and 
FreD (S/G/F) were close to 100% amorphous (Table 4.2). As described in Chapter 3, the 
deviation (± ≈2%) in the SDSC and MDSC % amorphous content values from 100% was likely 
caused by the background slope of the absolute heat capacity baseline; this resulted in the ΔCp of 
the 100% amorphous internal standard, the denominator in the % amorphous content calculation, 
being consistently larger than the ΔCp of the “as is” material, the numerator in the % amorphous 
content calculation, thus underestimating the % amorphous content of the different samples. 
Despite the slight deviation in the SDSC and MDSC % amorphous content results from 100%, 
the differences in % amorphous content among the samples were not found to be statistically 
significant. 
The SDSC and MDSC % crystalline content values for FreD, MeltQ, FreD-MeltQ, and 
FreD (S/G/F), which were, in general, found to be < 1%, further support the conclusion drawn 
from the PXRD and % amorphous content results that all samples were 100% amorphous (Table 
4.2). In addition, no statistically significant differences among the MDSC % crystalline contents 
of the samples were observed. It should be noted that the SDSC % crystalline content values 
were not analyzed statistically because the % crystalline content value calculated for FreD was 
negative, which is not theoretically possible and may be attributed to a small amount of inherent 




combined PXRD, SDSC, and MDSC results that FreD, MeltQ, FreD-MeltQ, and FreD (S/G/F) 
samples were all 100% amorphous.   
Structural characteristics - local molecular ordering 
 As mentioned in the previous section, FreD, MeltQ, FreD-MeltQ, and FreD (S/G/F) were 
found to be X-ray amorphous, indicated by the characteristic amorphous halo pattern present in 
the PXRD diffractograms of all four samples (Figure 4.4 and Figure 4.5, which are displayed in 
terms of 2θ and Q, respectively). However, the shapes of the amorphous halos differed; the FreD 
PXRD pattern featured two relatively broad, but distinct maxima at approximately 14º and 20º 
2θ, or 1.0 and 1.4 Å-1. The MeltQ, FreD-MeltQ, and FreD (S/G/F) PXRD patterns also contained 
a relatively intense maxima at approximately 20º 2θ, however, the feature at 14º 2θ was much 
weaker than in the FreD sample, appearing more like a shoulder to the maxima at 20º 2θ rather 
than an actual peak itself. These same discrepancies were observed in the one-dimensional 
PXRD patterns obtained from synchrotron powder diffraction experiments (Figure 4.6). As 
discussed in Chapter 3, the different amorphous halo shapes may suggest local molecular-level 
ordering differences between FreD and the other samples. Thus, to further investigate possible 
differences in the local molecular ordering of FreD, MeltQ, FreD-MeltQ, and FreD (S/G/F), the 
synchrotron X-ray data was analyzed using the total scattering pair distribution function 
(TSPDF). The PDFs of FreD, MeltQ, and FreD-MeltQ are compared in Figure 4.7, and those of 
FreD, MeltQ, and FreD (S/G/F) are compared in Figure 4.8. The PDF curves were separated into 
two figures due to the poorer signal-to-noise ratio of the FreD-MeltQ data collected at ESRF, 
which is evidenced by the high frequency ripples in the PDF. As described in the Materials and 
Methods section, one batch of FreD (S/G/F) was measured at each synchrotron facility due to a 




(S/G/F) PDF curve obtained from BNL data was plotted instead of that from ESRF data because 
the difference PDF (dPDF) generated from subtracting the two FreD (S/G/F) PDF curves from 
one another was relatively flat, with only a few minor features at low-r values (~0-5 Å) that were 
likely due to experimental noise rather than actual structural differences between the samples 
(Figure 4.9). Thus, despite differences in the data quality from the two different synchrotron 
facilities, this finding suggests that the local structures of the two FreD (S/G/F) batches were 
similar to one another. 
 In Figure 4.7, the PDF curves of FreD and MeltQ from Chapter 3 are plotted versus that 
of FreD-MeltQ. The subtle differences between the FreD and MeltQ PDF curves, discussed at 
length in Chapter 3, are again visible herein. However, due to the noisiness of the FreD-MeltQ 
data, it is difficult to conclude from this figure alone how the local structure of FreD-MeltQ 
compares to those of FreD and MeltQ. Thus, the PDF curve of MeltQ was subtracted from that 
of FreD-MeltQ to amplify any changes in the density distribution of the local molecular packing 
(i.e., local structural differences) between the two samples. As illustrated in  Figure 4.10, the 
difference between the two curves in the mid-r region (~5-25 Å) was negligible, as evidenced by 
the general lack of distinct features in the dPDF signal, with the exception of a small feature at 
approximately 4.5 Å. It is difficult to say with certainty if this peak is real, or an artifact resulting 
from the use of two different synchrotron facilities and the increased noisiness of the ESRF data. 
Nevertheless, it is reasonable to conclude from the FreD-MeltQ minus MeltQ dPDF that the 
local structures of these differently amorphized samples were similar. 
 Now that it has been established that MeltQ and FreD-MeltQ have a similar local 
structure, the PDF curves of FreD, MeltQ, and FreD (S/G/F) can be revisited (Figure 4.8). 




peak located between 8 and 12 Å were observed, with the peak intensity in the FreD (S/G/F) 
curve being in between those of the FreD and MeltQ samples. This finding suggests that the 
local structure of FreD (S/G/F) was intermediate to those of FreD and MeltQ/FreD-MeltQ.   
Moisture content 
 Moisture content data for FreD, MeltQ, FreD-MeltQ, and FreD (S/G/F) are provided in 
Table 4.3. The average moisture content of samples ranged from 0.14 to 2.90% wet basis, with 
FreD, FreD-MeltQ, and FreD (S/G/F) having higher moisture contents than MeltQ. As discussed 
in Chapter 3, the higher residual moisture content of samples prepared by freeze-drying (i.e., 
FreD, FreD-MeltQ, and FreD (S/G/F) is reasonable given that freeze-drying is a solution-based 
amorphization method, where water is added to dissolve the starting crystalline material prior to 
the formation of the amorphous state. It is interesting to note that FreD (S/G/F) had a higher 
residual moisture content than either of the other samples prepared by freeze-drying. A possible 
explanation for the observed differences in moisture content among the freeze-dried samples is 
that the higher amounts of glucose and fructose in FreD (S/G/F), which were confirmed by 
HPLC analysis (Table 4.4), resulted in a decrease in Tg’, the temperature of the maximally 
freeze-concentrated glass; this trend has been reported by Ruiz-Cabrera et al. (2016), who found 
that pure sucrose had a Tg’= -43.1°C, while a ternary mixture containing mass fractions of 2/3 
sucrose:1/6 glucose:1/6 fructose, the most similar composition to the mixed sugars solution from 
which FreD (S/G/F) was prepared, had a Tg’ = -54.1°C. Tg’ is an important temperature value in 
the freeze-drying process because, ideally, the initial freezing step preceding freeze-drying 
should decrease the sample temperature to at or below Tg’ to ensure that the material achieves its 
maximally freeze-concentrated state and is also in the glassy state (Rahman, 2012; Roos, 2010; 




throughout the primary drying stage of freeze-drying so that the unfrozen phase remains in the 
glassy state, which allows the material to support its own weight and, more importantly, resist 
collapse during the sublimation of ice (Rahman, 2012; Roos, 2010). Although the FreD (S/G/F) 
sample was initially frozen at -80°C and doused with liquid nitrogen prior to being placed in the 
freeze-dryer, it may be possible that the FreD (S/G/F) sample did not remain in the glassy state 
throughout primary drying, as the minimum temperature used in the freeze-drying process herein 
was -45°C (the lowest operating temperature of the shelves in the freeze-drying unit (Warren, 
1997), resulting in less moisture removal via sublimation and a somewhat higher sample 
moisture content.   
Chemical composition 
HPLC and HPAEC-PAD analysis results for sucrose and the four selected thermal 
decomposition indicator compounds, glucose, fructose, 5-HMF, and 1-kestose, quantified in 
FreD, MeltQ, FreD-MeltQ, and FreD (S/G/F) samples are summarized in Table 4.4. Of the four 
samples, the chromatographic analyses showed that FreD was the only sample in which thermal 
decomposition indicator compounds were not measured. All thermal decomposition indicator 
compounds targeted in the study herein were detected in MeltQ and FreD-MeltQ samples, as 
well as other unidentified decomposition products. Although statistically significant, the 
differences in the average percentages of glucose, fructose, 5-HMF, and 1-kestose present in 
MeltQ and FreD-MeltQ were relatively small. Given this finding, along with the HPLC results 
for FreD, it is reasonable to conclude that the thermal decomposition indicator compounds 





Compared to MeltQ and FreD-MeltQ, only glucose and fructose were measured in FreD 
(S/G/F). In addition, FreD (S/G/F) contained approximately the same relative amounts of 
sucrose, glucose, and fructose as the initial mixed sugars solution from which the sample was 
originally made, which suggests that no additional thermal decomposition indicator compounds 
were formed during the freeze-drying process. There are a few possible explanations for the 
discrepancy in sample composition between the initial solution and the resultant freeze-dried 
product, as measured by HPLC. One is that human error in weighing the crystalline sucrose, 
glucose, and fructose caused the actual proportions of sucrose, glucose, and fructose in the initial 
solution to differ from those intended. Another explanation for the observed difference in 
composition between the FreD (S/G/F) sample and its initial solution is that the sucrose, glucose, 
and fructose were not homogeneously distributed throughout the freeze-dried cake; because 
HPLC analysis only requires a few milligrams of sample, it is possible that the FreD (S/G/F) 
material tested was not representative of the sample composition as a whole. The residual 
moisture content of FreD (S/G/F) could have also contributed, since the average % ratios of 
sucrose, glucose, and fructose calculated from HPLC measurements were based on the 
assumption that the original amount of sample dissolved in 18 MΩ water was only solids. When 
the initial FreD (S/G/F) sample concentration values were adjusted to remove the amount of 
moisture present (average wet basis moisture content = 2.90%, so in a 10 mg sample this was 
equivalent to 0.029 mg), the average percentages of sucrose, glucose, and fructose increased 
slightly to 82.9 ± 4.0%, 14.6 ± 0.6%, and 1.16 ± 0.16%. It is likely that all three of these 
explanations factor into the discrepancy in sample composition between the initial solution and 





Representative SDSC curves for FreD, MeltQ, FreD-MeltQ, and FreD (S/G/F), given in 
Figure 4.11, show that all samples exhibited a glass transition. In FreD, FreD-MeltQ, and FreD 
(S/G/F), the glass transition event was immediately followed by an endothermic peak that can be 
attributed to enthalpic recovery. Since the glass transition temperature of a material gradually 
increases during freeze-drying as more and more ice is removed via sublimation, and enthalpic 
relaxation – the process that results in the appearance of an enthalpic recovery peak upon heating 
– only occurs when the glass transition temperature of a material exceeds its storage temperature, 
it is plausible that the enthalpic recovery peak observed in FreD, FreD-MeltQ, and FreD (S/G/F) 
samples was caused by the glass transition temperature of these samples surpassing the 
temperature inside the drying chamber of the freeze dryer during the later stages of the freeze-
drying process. On the other hand, MeltQ did not exhibit an endothermic enthalpic recovery 
peak, most likely because SDSC analysis was conducted immediately after the sample was 
prepared, thus preventing enthalpic relaxation. 
As indicated in Table 4.3, Tg was found to systematically decrease with increasing 
sample moisture content due to the plasticizing effect of water on Tg. A similar relationship 
between Tg and moisture content was observed in MDSC data, with MeltQ having the highest Tg 
and lowest moisture content, and FreD-MeltQ having the lowest Tg and highest moisture content 
(Table 4.3 and Table 4.5). Additionally, MDSC results confirmed that the thermal event 
overlapping the glass transition in FreD, FreD-MeltQ, and FreD (S/G/F) samples was an 
endothermic enthalpic recovery peak (Figure 4.12a, c, d). An endothermic peak attributed to 
enthalpic recovery, which was not present in the SDSC curve for MeltQ, was observed via 




(1°C/min versus 10°C/min for SDSC), which provided the MeltQ sample more time below its 
glass transition to undergo enthalpic relaxation.    
 Above the glass transition, SDSC curves also show that FreD and FreD (S/G/F) exhibited 
an exothermic cold crystallization peak and a subsequent endothermic melting peak (Figure 
4.11). However, MeltQ and FreD-MeltQ did not exhibit either of these two thermal events. The 
results for FreD and MeltQ are in agreement with those reported by previous researchers, as 
mentioned in Chapter 3 (Appendix A). It is worth noting that although FreD (S/G/F) crystallized 
upon heating, the average cold crystallization onset temperature (Tc onset) was significantly 
higher, and the enthalpy associated with the transition (ΔHc) significantly smaller than those 
measured for FreD (Table 4.3). Similar results have been reported for crystalline sucrose co-
lyophilized with other mono-, di-, and trisaccharides (e.g., fructose, glucose, lactose, maltose, 
trehalose, raffinose) (Kinugawa et al., 2015; Roos and Karel, 1991; Saleki-Gerhardt and Zografi, 
1994). 
Assertion 
 As previously stated, the objective of this research was to determine if thermal 
decomposition is an additional factor that contributes to the lack of cold crystallization of MeltQ 
by freeze-drying an amorphous sucrose sample produced by melt-quenching (FreD-MeltQ). 
First, it is worth examining the results in light of the three main explanations proposed in the 
literature for the lack of cold crystallization of MeltQ, which were discussed in detail in the 
Introduction: absence of heterogeneous nuclei, lower sample moisture content, and structural 
dissimilarity to the crystalline state. In regards to the first explanation, absence of heterogeneous 
nuclei, all samples studied herein were found to be 100% amorphous based on the combined 




exhibited an exothermic cold crystallization peak, while FreD-MeltQ did not (Figure 4.11). 
Therefore, the idea that MeltQ does not undergo cold crystallization due to an absence of 
heterogeneous nuclei does not sufficiently account for the aforementioned results, as none of the 
samples contained heterogeneous nuclei. In regards to the second explanation, lower sample 
moisture content, the moisture content of FreD-MeltQ was higher than that of MeltQ, and in a 
similar range as the moisture content of FreD (Table 4.3). Despite its higher moisture content, 
FreD-MeltQ did not cold crystallize upon heating, which implies that the similarities in moisture 
content of FreD and FreD-MeltQ samples cannot fully explain the thermal behavior of FreD-
MeltQ. In regards to the third explanation, structural dissimilarity to the crystalline state, 
laboratory and synchrotron-based PXRD results revealed that although all samples were X-ray 
amorphous, the shapes of the amorphous halos differed (Figure 4.4-Figure 4.6), suggesting the 
existence of local molecular-level ordering differences between the samples. PDF analysis of the 
synchrotron X-ray data confirmed the presence of local structural differences, particularly 
between FreD and the other amorphous samples (Figure 4.7 and Figure 4.8). Thus, the PXRD 
and PDF results indicate that local structure plays a fundamental role in sample cold 
crystallization behavior. Furthermore, since FreD-MeltQ was found to be more structurally 
similar to MeltQ than FreD, it appears that the underlying cause of these structural differences is 
thermal decomposition. As previously mentioned, HPLC and HPAEC-PAD analyses established 
that all thermal decomposition indicator compounds targeted in this study (i.e., glucose, fructose, 
5-HMF, and 1-kestose), as well as other unidentified thermal decomposition products, were 
present in both MeltQ and FreD-MeltQ, but not in FreD (Table 4.4). The presence of thermal 
decomposition indicator compounds in MeltQ and FreD-MeltQ is reasonable given that, as 




thermally decomposes prior to and concomitantly with the loss of crystalline structure upon 
heating, and melt-quenching requires heat to convert crystalline sucrose to the amorphous state. 
On the other hand, freeze-drying produces the amorphous state via sublimation of ice, a process 
that does not involve directly heating the sample and thus did not generate thermal 
decomposition products. 
Thermal analysis of FreD (S/G/F) provides further evidence that these unidentified 
thermal decomposition products generated from sucrose decomposition, in addition to glucose 
and fructose, are key to the lack of cold crystallization of MeltQ and FreD-MeltQ, since the 
SDSC curve showed that cold crystallization in FreD (S/G/F) was significantly delayed, but not 
prevented (Figure 4.11). Additionally, a comparison of the PDF curves of FreD, FreD (S/G/F), 
and MeltQ showed that the local structure of FreD (S/G/F) was intermediate to those of FreD and 
MeltQ/FreD-MeltQ (Figure 4.8). Based on the evidence presented herein, we assert that the wide 
variety of sucrose thermal decomposition compounds, which are randomly dispersed among the 
remaining intact sucrose molecules, interfere with the ability of the sucrose molecules to form 
the long-range order necessary for cold crystallization to occur.  
4.5 Conclusions  
In this study, an amorphous sucrose sample produced by melt-quenching was 
subsequently freeze-dried, and its physicochemical characteristics and thermal behavior were 
compared to those of MeltQ and FreD to elucidate if thermal decomposition is an additional 
factor that contributes to the previously observed lack of cold crystallization of MeltQ. Although 
FreD-MeltQ was similar to FreD in morphology, % amorphous/crystalline content, moisture 
content, and glass transition temperature, like MeltQ it did not cold crystallize upon heating. 




structure to one another than to FreD, indicating that local structural differences exist between 
samples which do and do not cold crystallize. A common attribute of both FreD-MeltQ and 
MeltQ was the presence of a variety of thermal decomposition compounds, which included all 
thermal decomposition indicator compounds targeted in this study as well as several other 
unidentified thermal decomposition products. Based on these results, thermal decomposition was 
proposed to be an additional factor that contributes to the lack of cold crystallization of MeltQ. 
Future studies should focus on identifying and quantifying additional thermal decomposition 
compounds in MeltQ, as well as further elucidating the interplay between thermal decomposition 
compounds and local structure using molecular dynamics simulations. 
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4.7 Figures and Tables 
 
Figure 4.1: A typical SDSC curve for freeze-dried sucrose, illustrating the occurrence of the 
exothermic cold crystallization event between the glass transition and endothermic melting 













Figure 4.3: Representative SEM images of “as is” FreD (a), MeltQ (b), FreD-MeltQ (c), and 
FreD (S/G/F). Additional SEM images from each batch of the aforementioned amorphization 











Figure 4.4 Powder X-ray diffraction patterns of “as is” FreD, MeltQ, FreD-MeltQ, and FreD 
(S/G/F) displayed as a function of 2θ (as collected). Only one diffractogram is shown for each 














Figure 4.5: Powder X-ray diffraction patterns of “as is” FreD, MeltQ, FreD-MeltQ, and FreD 
(S/G/F) displayed as a function of Q for ease of comparison with the one-dimensional powder X-
ray diffraction patterns obtained from total scattering experiments carried out using a high 










Figure 4.6: One-dimensional powder X-ray diffraction patterns of “as is” FreD, MeltQ, FreD-
MeltQ, and FreD (S/G/F) determined from total scattering experiments carried out using a high 
energy synchrotron source. The diffraction patterns are presented a) renormalized to the same 
maximum intensity and b) zoomed in to the low-Q region (the boxed area identified in Figure 







Figure 4.7: PDFs of “as is” FreD, MeltQ, and FreD-MeltQ. As detailed in the Materials and 
Methods section, the FreD and MeltQ PDF curves were obtained from BNL data, while the 







Figure 4.8: PDFs of “as is” FreD, MeltQ, and FreD (S/G/F) obtained from data collected at 






Figure 4.9: Difference PDF (dPDF) generated from subtracting the PDF curves of duplicate 
batches of FreD (S/G/F) from one another. As described in the Materials and Methods section, 
one batch of FreD (S/G/F) was measured at each synchrotron facility, the European Synchrotron 






Figure 4.10: Difference PDF (dPDF) generated from subtracting the PDF curves of FreD-MeltQ 







Figure 4.11: SDSC curves of “as is” FreD, MeltQ, FreD-MeltQ, and FreD (S/G/F), where a) full 
thermal profile of all samples, b) close-up of the glass transition region, and c) close-up of the 












Figure 4.12: MDSC curves showing the glass transition region (first heat only) for “as is” FreD 
(a), MeltQ (b), FreD-MeltQ (c), and FreD (S/G/F) (d). The Total heat flow signal, equivalent to 
SDSC, is given in green, while the reversing and nonreversing heat flow signals are given in blue 
and red, respectively. The glass transition and other overlapping thermal events (e.g., enthalpic 
recovery) are identified where present. Note: the total, reversing, and nonreversing heat flow 
signals within a given figure are all shown at the same sensitivity. In addition, the nonreversing 











Table 4.1: Summarized morphological characteristics of “as is” FreD, MeltQ, FreD-MeltQ, and 
FreD (S/G/F) determined from SEM images presented in Figure 4.3 (where N/A = not 
applicable). 
Sample Morphology Estimated particle diameter 
FreD Broken glass/thin flakes 20-500 µm 
MeltQ Smooth N/A 
FreD-MeltQ Broken glass/thin flakes 20-500 µm 





Table 4.2: Percent amorphous and crystalline contents of “as is” FreD, MeltQ, FreD-MeltQ, and 
FreD (S/G/F), which were calculated from data collected via SDSC, MDSC, and PXRD. Values 
in the same column with the same superscript letter are not significantly different from one 
another at an α = 0.05 significance level.  
*Calculated using the equation % crystalline content = 100% - % amorphous content due to the lack of cold 
crystallization and melting peaks in MeltQ and FreD-MeltQ. 
†Statistical analysis was not performed because, as explained in the Results and Discussion section, the negative % 
crystalline content value for FreD is not theoretically possible and most likely due to a small amount of error 
associated with the SDSC measurement.  
 
Sample 
% Amorphous Content % Crystalline Content 
via SDSC via MDSC via PXRD via SDSC via MDSC via PXRD 






































Table 4.3: Moisture content (% wet basis, wb) from Karl Fischer (KF) titration and thermal behavior of “as is” FreD, MeltQ, FreD-
MeltQ, and FreD (S/G/F) obtained using SDSC at 10°C/min (where NP = not present in the DSC curve). Values in the same column 






Tg parameters  Tc parameters Tm parameters 

























































































Table 4.4: Chemical composition of “as is” FreD, MeltQ, FreD-MeltQ, and FreD (S/G/F) (where 
NP = not present). Sucrose, glucose, fructose, and 5-HMF data were collected using HPLC, and 
1-kestose data was collected using HPAEC-PAD. Values in the same column with the same 
superscript letter are not significantly different from one another at an α = 0.05 significance 
level. 









FreD 97.4 ± 1.2a  NP NP NP NP 








MeltQ 82.3 ± 4.2









(S/G/F) 80.5 ± 3.9
b 14.2 ± 0.6a 1.12 ± 0.16a NP NP 





Table 4.5: Thermal behavior of “as is” FreD, MeltQ, FreD-MeltQ, and FreD (S/G/F) obtained 
using MDSC at a linear heating rate of 1°C/min. Values in the same column with the same 
superscript letter are not significantly different from one another at an α = 0.05 significance 
level. 
Sample 
 Tg parameters 






∆Cp first heat  
(J/(goC)) 
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Chapter 5: Conditions affecting the cold crystallization behavior of amorphous sucrose 




Numerous researchers have reported different cold crystallization behaviors for 
amorphous sucrose prepared by different amorphization methods. In general, it has been found 
that freeze-dried (FreD), spray-dried (SprayD), and ball milled (BallM) amorphous sucrose 
exhibit cold crystallization, whereas melt-quenched (MeltQ) amorphous sucrose does not. 
Several explanations have been suggested for the lack of cold crystallization of MeltQ, including 
absence of heterogeneous nuclei, lower sample moisture content, structural dissimilarity to the 
crystalline state, and thermal decomposition, however, no study has assessed the relative effect 
of each of these factors on MeltQ cold crystallization behavior. Thus, the objective of this study 
was to attempt to induce cold crystallization in MeltQ by employing conditions based on the 
aforementioned factors (i.e., seeding, partial-melting, moisture content, grinding, and heating 
rate) in order to determine their relative influence on the cold crystallization behavior of MeltQ. 
Seeding with ground analytical grade crystalline sucrose, partial-melting, and grinding induced 
cold crystallization in MeltQ, however, the average cold crystallization onset temperature was 
significantly higher and average enthalpy significantly smaller than those measured for FreD. 
The increase in cold crystallization onset temperature and decrease in enthalpy were linked to 
thermal decomposition diminishing the effectiveness of the various conditions employed to 
induce cold crystallization, since thermal decomposition indicator compounds were detected in 





 As detailed in Chapter 4, thermal decomposition was proposed as a fourth explanation for 
the lack of cold crystallization of MeltQ, in addition to the factors previously suggested in the 
literature (i.e., absence of heterogeneous nuclei, lower sample moisture content, and structural 
dissimilarity to the crystalline state). Although it is likely that all of these factors play a role in 
the observed lack of cold crystallization of MeltQ, their relative impact on the cold 
crystallization behavior of MeltQ is currently unknown. Thus, the objective of this study was to 
explore the relative influence of the four different factors—absence of heterogeneous nuclei, 
lower sample moisture content, structural dissimilarity to the crystalline state, and thermal 
decomposition—on the cold crystallization behavior of MeltQ by employing specific conditions 
to attempt to induce cold crystallization in MeltQ. To determine the effect of heterogeneous 
nuclei, MeltQ was either prepared by fully amorphizing the sample and then seeding it with a 
small amount of non-native sucrose seed crystals (ground analytical grade crystalline sucrose or 
intact fruit granulated sucrose crystals), or not completely amorphizing the sample and allowing 
some native crystalline structure to remain (partial-melting). To assess the effect of increased 
sample moisture content, MeltQ samples were held over a 43%RH saturated salt slurry at 25°C 
for 200 minutes. To investigate structure-related effects, MeltQ samples were ground to the 
consistency of FreD. Finally, to manipulate the extent of thermal decomposition, MeltQ samples 
were prepared using three different heating rates. The cold crystallization behavior of FreD was 
selected as a point of comparison in this study, since the proposed explanations for the lack of 
cold crystallization of MeltQ were based on research directly comparing the thermal behavior of 




5.3 Materials and Methods 
Materials 
Analytical grade crystalline sucrose (≥99.5%; catalogue number S0389) was obtained 
from Sigma-Aldrich Co. (St. Louis, MO). HPLC and HPAEC-PAD standards, sucrose (≥99.5%; 
S0389), D-(-)-fructose (≥99.5%; F0127), D-(+)-glucose (99.5%; G8270), 1-kestose (≥98%; 
72555) and 5-(hydroxymethyl)furfural (5-HMF) (≥99%; W501808), were also purchased from 
Sigma-Aldrich Co. and used without further purification. Commercial fruit granulated sugar 
(Domino Foods, Inc., West Palm Beach, FL), a type of extra fine granulated cane sucrose, was 
provided by Tate & Lyle (Decatur, IL). All samples were stored under room temperature and 
relative humidity conditions in their original containers, which were capped and sealed tightly 
with parafilm after opening and between uses.    
Sample preparation 
All MeltQ samples were prepared using a DSC Q2000 (TA Instruments, New Castle, 
DE) equipped with an RCS 90 refrigerated cooling system. The DSC was calibrated with an 
indium reference (Tm onset = 156.60°C and ∆H = 28.71 J/g, TA Instruments) to ensure accurate 
enthalpy and temperature measurements. Hermetic aluminum Tzero pans and lids (TA 
Instruments, New Castle, DE) were used for all calibrations, sample preparation, and sample 
analysis. An empty pan was used as a reference. Dry nitrogen, at a flow rate of 50 mL/min, was 
used as the purge gas.  
Preparation of MeltQ seeded samples using added seed crystals 
Analytical grade crystalline sucrose (~3-5 mg), hermetically sealed in a Tzero DSC pan, 
was equilibrated at 25°C, heated at 10°C/min to 195°C, and then immediately cooled using a 




30°C/min). The final heating temperature of 195°C was chosen to ensure complete loss of 
crystalline structure before quench-cooling, and was obtained by adding two standard deviations 
to the average apparent melting end temperature for sucrose at 10°C/min (Figure 5.1) (Lee et al., 
2011b). After the initial DSC procedure, the hermetic lid was removed from the DSC pan and a 
small amount (~1 mg) of ground analytical grade crystalline sucrose, prepared using a mortar 
and pestle, was added on top of the MeltQ sample. The DSC pan was then resealed with a new 
hermetic lid and returned to the DSC cell, where the pan was equilibrated at -50°C and heated at 
10°C/min to 220°C to capture the glass transition, cold crystallization, and melting temperatures 
of the sample. To ensure that grinding did not compromise the effectiveness of the analytical 
grade sucrose crystals as nucleation sites by partially amorphizing the crystals, MeltQ samples 
were also seeded with intact fruit granulated sucrose crystals following the same sample 
preparation procedure described above. Fruit granulated sugar was chosen as an alternative 
seeding material because its average crystal size (149-420 µm) is one of the smallest of 
commercial granulated sucrose (Dowling, 2000; Gerstner, 1977; Godshall, 2013), which is 
considerably smaller than analytical grade crystalline sucrose (900-1200 µm) (Lu et al., 2018). 
Thus, we hypothesized that the small crystal size and large surface area of the fruit granulated 
sucrose crystals would help to induce cold crystallization in MeltQ by providing ample 
nucleation sites for crystallization to occur. Analyses of both the MeltQ seeded with ground 
analytical grade crystalline sucrose and intact fruit granulated sucrose crystals were performed in 
triplicate. 
Preparation of MeltQ seeded samples using partial-melting 
Analytical grade crystalline sucrose (~3-5 mg), hermetically sealed in a Tzero DSC pan, 




target temperatures): 145, 155, 165, 175, 185, 191, and 195°C. The target temperatures 
employed were selected to allow for different amounts of crystalline material to remain in the 
amorphous sucrose sample formed upon quenching and correspond to specific features in the 
DSC heat flow signal of analytical grade crystalline sucrose heated at 10°C/min (Figure 5.2). 
Once the DSC heat flow signal had reached the desired target temperature, the sample was 
immediately cooled using a programmed rate of 50°C/min to -50°C (actual average cooling rate 
~30°C/min) and subsequently reheated at 10°C/min to 220°C to obtain the glass transition, cold 
crystallization, and melting temperatures of the sample. Analyses were performed in triplicate at 
each final heating temperature.  
Preparation of MeltQ stored at 43%RH 
 Triplicate samples (~3-5 mg) of analytical grade crystalline sucrose in hermetically-
sealed Tzero DSC pans were equilibrated at 25°C, heated at 10°C/min to 195°C, and finally 
quench-cooled using a programmed rate of 50°C/min to -50°C (actual average cooling rate 
~30°C/min). The DSC lid was removed from each pan and the sample plus pan were weighed 
and transferred to a Lock & Lock box (Heritage Mint, Ltd., Scottsdale, AZ) containing a K2CO3 
saturated salt slurry. As shown in Figure 5.3, the open DSC pans were placed on pressure guards 
(three-legged pizza saver tables, also called a box tent) positioned inside the Lock & Lock box to 
elevate the DSC pans above the saturated salt slurry. 
The K2CO3 saturated salt slurry was prepared by adding excess salt to 50 mL of distilled 
deionized water. The slurry was heated to approximately 50°C and stirred on a stir plate using a 
magnetic stir bar for two hours, at which point the mixture was cooled to room temperature. The 
cooled salt slurry contained excess K2CO3 crystals and a thin, but continuous layer of saturated 




slurry was verified by measuring its aw value (%RH = aw x 100%) in triplicate using an AquaLab 
Water Activity Meter 4TE DUO (Decagon Devices, Inc., Pullman, WA); the slurry found to be 
within ±0.2%RH of the literature-reported %RH value for a saturated K2CO3 salt slurry at 25°C, 
43.16 ± 0.0039%RH (Greenspan, 1976).  
Based on preliminary studies, MeltQ samples were held over the K2CO3 saturated salt 
slurry for 200 minutes, after which point the DSC pans containing the samples were removed 
from the Lock & Lock box and immediately sealed with a new lid to prevent any adsorbed 
moisture from escaping. The sample, DSC pan, and new lid were then weighed using an 
analytical balance to determine the weight change of the sample. Following weighing, the 
sample pan was loaded into the DSC cell, equilibrated at 25°C, cooled at 50°C/min to -50°C, and 
finally heated at 10°C/min to 220°C to determine the glass transition, cold crystallization, and 
melting parameters of the sample. Analyses were performed in triplicate.  
Preparation of MeltQ ground sucrose 
To prepare one batch of MeltQ ground sucrose, analytical grade crystalline sucrose (~10 
mg) was hermetically sealed in a Tzero DSC pan. Three sample pans of sucrose and one reference 
pan were loaded into the DSC cell; one sample pan was placed on the sample platform and the 
other two were placed on the bottom of the DSC cell (Figure 5.4). The three sample pans were 
equilibrated at 25°C, heated at 10°C/min to 195°C, and then immediately cooled using a 
programmed rate of 50°C/min to -50°C (actual average cooling rate ~30°C/min). The MeltQ 
samples were removed from the DSC pans and ground to the consistency of FreD using a mortar 
and pestle (estimated particle size ~20-500 µm, based on the SEM images for FreD included in 
Chapter 3). Afterward, the ground material (~3-5 mg) was hermetically sealed in a new Tzero 




sample glass transition, cold crystallization, and melting temperatures. Three batches of MeltQ 
ground sucrose were prepared in order to perform sample analyses in triplicate.  
Preparation of MeltQ using different heating rates  
 Because loss of crystalline structure in sucrose is influenced by the kinetic process of 
thermal decomposition (also termed apparent melting) rather than thermodynamic melting (Lee 
et al., 2011a, 2011c), the temperature associated with the end of the endothermic melting peak 
for sucrose increases as heating rate increases. Thus, in order to prepare MeltQ using different 
heating rates (10, 25, and 50°C/min), it was first necessary to calculate a final heating 
temperature at each heating rate that would allow for the entire sucrose apparent melting peak to 
occur before quench-cooling. To do so, the average apparent melting end temperature was 
determined from triplicate measurements at each heating rate using Universal Analysis (UA) 
software (Version 4.5A, TA Instruments, New Castle, DE). Then, the final heating temperature 
for each heating rate was calculated by adding two standard deviations to the average apparent 
melting end temperature. The average apparent melting end temperature and associated standard 
deviation at each heating rate are reported in Table 5.1. The two standard deviations were added 
to account for any run-to-run variations, ensuring the complete loss of crystalline structure for 
each replicate (Lee et al., 2011b). Using this method, the final heating temperatures employed at 
each heating rate were: 195°C at 10°C/min, 197°C at 25°C/min, and 205°C at 50°C/min (Figure 
5.1).  
 Analytical grade crystalline sucrose (~3-5 mg), hermetically sealed in a Tzero DSC pan, 
was heated at 10, 25, or 50°C/min from 25°C to the appropriate final heating temperature listed 
above for each heating rate. The sample was then cooled using a programmed rate of 50°C/min 




220°C. The second heating step was used to measure the sample glass transition, cold 
crystallization, and melting parameters. Analyses at each heating rate were performed in 
triplicate. 
Differential scanning calorimetry (DSC) analysis 
All DSC curves were analyzed using Universal Analysis (UA) software (Version 4.5A, 
TA Instruments, New Castle, DE) to determine parameters associated with the glass transition 
(Tg onset, Tg mid, Tg end, and ∆Cp), cold crystallization (Tc onset, Tc peak, ∆Hc), and melting (Tm onset, Tm 
peak, ∆Hm, and % crystallinity). Parameters corresponding to the glass transition were analyzed 
using the Glass/Step change function with Manual Tangent Selection, Step Midpoint set at Half 
Height, and Step Change (ΔCp) calculated at the Midpoint. Parameters corresponding to cold 
crystallization and melting were analyzed using the linear and sigmoidal peak integration 
functions, respectively. In cases where it was unclear from the heat flow signal whether a DSC 
curve contained a particular thermal event (e.g., glass transition, cold crystallization peak), the 
derivative heat flow signal (W/(g°C)) versus temperature was also plotted to verify its presence. 
Percent crystalline content values for MeltQ samples seeded with ground analytical grade 
crystalline sucrose and intact fruit granulated sucrose crystals, as well as MeltQ samples 
prepared via partial-melting, were obtained using Equation 5.1 (Sichina, 2000): 
% 𝐶𝐶𝑅𝑅𝐶𝐶𝑅𝑅𝑑𝑑𝑎𝑎𝑀𝑀𝑀𝑀𝑅𝑅𝑅𝑅𝑅𝑅 𝑐𝑐𝑀𝑀𝑅𝑅𝑑𝑑𝑅𝑅𝑅𝑅𝑑𝑑 =  
(∆𝑑𝑑𝑎𝑎 − ∆𝑑𝑑𝑟𝑟)
∆𝑑𝑑𝑎𝑎𝑜𝑜
• 100 (5.1) 
where ∆𝑑𝑑𝑎𝑎 is the heat of melting (J/g), ∆𝑑𝑑𝑟𝑟 is the heat of cold crystallization (J/g), and ∆𝑑𝑑𝑎𝑎𝑜𝑜 is 
a reference value equal to 131.46 J/g, which is the heat of melting for 100% crystalline sucrose 
(J/g) at 10°C/min (Magon et al., 2015). It is important to note that all quantitative analyses are 
somewhat subjective when analyzing overlapping thermal transitions resulting from changes in 




endpoint of a given thermal event that lie on the heat capacity baseline. However, identifying the 
exact baseline is often difficult when there are three consecutive transitions, such as the glass 
transition, cold crystallization, and melting, which was found to be the case in the majority of the 
samples studied in this chapter. As such, the parameters associated with cold crystallization and 
melting that are presented in Table 5.2, including the calculated % crystalline content, should be 
viewed as estimated values. 
Chromatographic analyses 
High-performance liquid chromatography (HPLC) and high-performance anion exchange 
chromatography with pulsed amperometric detection (HPAEC-PAD) were conducted to 
determine if sucrose thermal decomposition indicator compounds, glucose, fructose, 5-HMF, and 
1-kestose, could be identified and quantified in MeltQ prepared at 10, 25, and 50°C/min. HPLC 
was used to detect the presence of glucose, fructose, and 5-HMF in MeltQ samples, while 
HPAEC-PAD was used to detect 1-kestose. 1 mg/mL and 10 mg/mL stock solutions of each 
MeltQ sample were prepared as described in Chapter 3 using 18MΩ water. HPLC analysis was 
carried out on an LC-20AD Prominence equipped with a RID-10A refractive index (RI) detector 
and an SDP-20A UV detector (Shimadzu America, Inc., Columbia, MD). An Aminex HPX-87P 
lead-form cation exchange resin-based column (300 x 7.8 mm, 9 µm particle size) (Bio-Rad 
Laboratories, Inc., Richmond, CA) was used as the analytical column. De-ashing and Carbo-P 
micro-guard cartridges (30 x 4.6 mm) (Bio-Rad Laboratories, Inc., Richmond, CA) were used as 
the guard columns. The analytical column was maintained at 85°C, and all standards and sample 
solutions were eluted isocratically with 18MΩ water at a flow rate of 0.6 mL/min. While 
sucrose, glucose, and fructose were determined using the RI detector, 5-HMF was 




peaks were identified by comparing their retention times to those of authentic standards, and 
quantified using six point standard curves. All computations were performed using Shimadzu 
LCsolution software (Version 1.23 SPI, Shimadzu America, Inc., Columbia, MD). Triplicate 
analyses were performed for MeltQ samples prepared at each heating rate. Sucrose results were 
displayed as the average % ratio of sucrose remaining (mg/mL) to the total sample concentration 
(mg/mL). Glucose, fructose, and 5-HMF results were displayed as the average % ratio of the 
specific decomposition compound formed during melt-quenching (mg/mL) to the total sample 
concentration (mg/mL). 
For HPAEC-PAD analysis, 10 mg/mL stock solutions of MeltQ sucrose prepared at 10, 
25, and 50°C/min were diluted 1:100 with 18 MΩ water in 2 mL target vials with pre-slit septa 
(Thermo Fisher Scientific, Waltham, MA). Samples (5 µL) were analyzed on a Thermo 
Scientific ICS 5000 HPAEC-PAD (Thermo Scientific, Sunnyvale, CA) equipped with a Dionex 
PA-10 column (2 mm x 250 mm) (Thermo Scientific, Sunnyvale, CA). The system was operated 
at 0.25 mL/min running 90 mM NaOH isocratically for 30 minutes. Prior to injection, samples 
were maintained at 4°C. 1-kestose was identified and quantified from authentic standards run 
several times during the course of analysis. Triplicate HPAEC-PAD analyses were performed for 
MeltQ samples prepared at each heating rate. 
5.4 Results and Discussion 
 As previously mentioned in the Introduction, the cold crystallization behavior of FreD 
will be used as a point of comparison in the following section, since all proposed explanations 
for the lack of cold crystallization of MeltQ were based on research directly comparing the 




Effect of added seed crystals 
DSC results for MeltQ samples seeded with ground analytical grade crystalline sucrose, 
given in Table 5.2, show that these samples exhibited a glass transition with a Tg midpoint of 
69.7°C, followed by an exothermic cold crystallization peak at 128.5ºC (Tc onset) and an 
endothermic melting peak at 173.2ºC (Tm onset). However, the magnitude of the cold 
crystallization peak, ∆Hc, was negligible compared to that of FreD, indicating that even with 
added seed crystals, the cold crystallization behavior of MeltQ and FreD still differed 
dramatically. The observed cold crystallization behavior of MeltQ seeded with ground analytical 
grade crystalline sucrose may be the result of several factors, such as the effectiveness of the 
ground analytical grade crystalline sucrose to act as a nucleation site for cold crystallization and 
the amount of contact surface area between the ground analytical grade crystalline sucrose and 
the MeltQ sample, as the ground crystalline material was sprinkled on top of the MeltQ rather 
than evenly dispersed throughout the amorphous matrix. Saleki-Gerhardt and Zografi (1994) 
showed that the specific surface area of samples was critical to successful cold crystallization via 
seeding, with greater available surface areas resulting in greater tendencies for nucleation to be 
induced. Specifically, the authors observed that milled and physically mixed sucrose samples 
with different specific surface areas of 2.12 m2/g and 0.425 m2/g, respectively, but approximately 
the same fraction of crystalline/amorphous structure (90% crystalline and 10% amorphous) had 
significantly different rates of apparent nucleation, with the milled sample having a much higher 
apparent nucleation rate than the physically mixed sample. Based on the findings from Chapter 
4, it is also possible that the wide variety of sucrose thermal decomposition compounds, formed 
during the heating step of the melt-quenching process, interfered with the ability of the 




particles as nucleation sites. This last explanation seems plausible, given that HPLC and 
HPAEC-PAD chromatographic analyses confirmed that all thermal decomposition indicator 
compounds detected herein (i.e., glucose, fructose, 5-HMF, and 1-kestose), along with several 
other unidentified thermal decomposition products, were found in MeltQ prepared by heating 
analytical grade crystalline sucrose to 195°C at 10°C/min followed by quench-cooling, the same 
experimental conditions employed to create the MeltQ samples for seeding (Table 5.3). 
As previously mentioned, MeltQ samples were also seeded with intact fruit granulated 
sucrose to ensure that grinding did not compromise the ability of the ground analytical grade 
sucrose crystals to act as effective nucleation sites for cold crystallization. Thermal data for 
MeltQ samples seeded with intact fruit granulated sucrose, also given in Table 5.2, indicates that 
samples exhibited a glass transition with a Tg midpoint similar to that of MeltQ seeded with ground 
analytical grade crystalline sucrose, as well as an endothermic melting peak at 185.4ºC (Tm onset), 
which can be attributed to the melting of the fruit granulated sucrose crystals added to the DSC 
pan following melt-quenching. However, unlike MeltQ samples seeded with ground analytical 
grade crystalline sucrose, these samples did not exhibit an exothermic cold crystallization peak 
(Table 5.2). This result is interesting as it was expected that the smaller crystal size and larger 
surface area of the fruit granulated sucrose crystals would make them a more effective seeding 
material. However, it is possible that the same explanations discussed above may also account 
for lack of cold crystallization of MeltQ seeded with intact fruit granulated sucrose, namely, 
insufficient contact between the seeding material and the MeltQ sample and the presence of 
thermal decomposition compounds formed during the heating step that were interspersed 




Effect of partial-melting 
Tg, Tc, and Tm parameters for MeltQ samples prepared by partial-melting are summarized 
in Table 5.2. Samples heated to 145 and 155°C prior to quench-cooling exhibited one or two 
endothermic peaks, but did not exhibit a glass transition or an exothermic cold crystallization 
peak. In the case of partially melt-quenched samples heated to 145°C, two endothermic peaks 
were observed, one small (Tm onset = 145.7°C) and one large (Tm onset = 184.7°C). Since 145°C 
was experimentally determined to correspond to a temperature prior to the appearance of any 
endothermic peaks in the DSC curve for analytical grade crystalline sucrose (Figure 5.2), it is 
reasonable to conclude that no crystalline structure was lost upon initial heating to 145°C and 
that the rapidly cooled and reheated material was in fact 100% crystalline; the estimated % 
crystalline content value for samples heated to 145°C supports this conclusion (Table 5.2). The 
presence of two endothermic peaks, one small and one large, for analytical grade crystalline 
sucrose is well documented in the literature, and the presence of the small peak has been linked 
to the occurrence of thermal decomposition within the mother liquor occlusions entrapped in the 
sucrose crystalline lattice (Lee et al., 2011a, 2011c; Lu et al., 2017a).  
Compared to partially melt-quenched samples heated to 145°C, only one endothermic 
peak (Tm onset = 184.5°C) was observed in samples heated to 155°C. The disappearance of the 
small endothermic peak in partially melt-quenched samples heated to 155°C likely results from 
loss of crystalline structure due to thermal decomposition that occurs during the initial heating 
step. Lu et al. (2017a, 2017b) observed similar melting behavior upon reheating an analytical 
grade crystalline sucrose sample initially heated to 165°C and quench-cooled, however the 
authors also observed a small glass transition, which indicated that the crystalline structure lost 




process. It is possible that a small glass transition was also present in the DSC curves of the 
partially melt-quenched samples heated to 155°C, but it could not be detected due to baseline 
curvature. However, a glass transition was noted in partially melt-quenched samples heated to 
165°C and 175°C, which agrees well with the previously mentioned findings published by Lu et 
al. (2017a, 2017b). Despite the presence of a glass transition in these samples, no cold 
crystallization peak was observed. 
Partially melt-quenched samples heated to 185, 188, and 191°C also displayed a single 
glass transition in a similar temperature range as the glass transition values measured for samples 
heated to 165 and 175°C (Table 5.2). In addition, it was found that ∆Cp increased with increasing 
target heating temperature (i.e., ∆Cp (185°C) < ∆Cp (188°C) < ∆Cp (191°C)), indicating that the 
amount of amorphous material formed increased as target heating temperature increased. This 
finding is consistent with the fact that samples heated to higher target heating temperatures 
contained more compounds in the liquid state, which were transformed into increasing amounts 
of solid amorphous glass upon quench-cooling, resulting in an increase in ∆Cp. The decrease in 
% crystalline content values with increasing target heating temperatures also confirmed the 
increase in sample amorphous content (Table 5.2). 
In addition to a glass transition, partially melt-quenched samples heated to 185, 188, and 
191°C exhibited a small exothermic cold crystallization peak (Table 5.2). Based on the 
magnitude of the cold crystallization peak, which was approximately the same for all three target 
heating temperatures, it appears that the native seed crystals left behind by partial-melting were 
slightly more effective at inducing cold crystallization in MeltQ than the non-native ground 
analytical grade crystalline sucrose; however, the effectiveness of partial-melting may be due in 




seeded with ground analytical grade crystalline sucrose contained approximately 20% crystalline 
content, whereas partially melt-quenched samples heated to 185, 188, and 191°C contained 
between 50 and 70% crystalline content. The effectiveness of partial-melting may also be due to 
a difference in the distribution of the crystalline material, as it is likely that the crystalline 
material in the partially melt-quenched samples was more evenly distributed throughout the 
sample matrix than in the MeltQ seeded samples. Despite the large amount of crystalline 
material available to act as nuclei for crystallization, partially melt-quenched samples heated to 
185, 188, and 191°C had substantially higher Tc onset values and lower ∆Hc values than those 
determined in Chapter 3 for FreD (Table 5.2). Similar to the MeltQ sample seeded with ground 
analytical grade crystalline sucrose, the higher Tc onset and smaller ∆Hc values for partially melt-
quenched samples heated to 185, 188, and 191ºC could be due to the presence of thermal 
decomposition compounds in the amorphous glassy portion of the sample, which prevented the 
intact sucrose molecules from using the available crystalline sucrose as nucleation sites. 
Although chemical composition data was not collected on partially melt-quenched samples 
heated to 185, 188, and 191°C, results published by Lee et al. (2011a) demonstrated that thermal 
decomposition indicator compounds, glucose, fructose, and 5-HMF, were present in analytical 
grade crystalline sucrose heated at 10°C/min to 186°C. Given this finding, and those determined 
herein for MeltQ prepared by heating analytical grade crystalline sucrose at 10°C/min to 195°C 
(Table 5.3), one can infer that these partially melt-quenched samples contained thermal 
decomposition compounds.  
Effect of moisture 
 MeltQ samples exposed to 43%RH for 200 minutes exhibited a glass transition at 




determined for MeltQ prepared under the same melt-quenching conditions but not exposed to 
elevated %RH conditions (Table 5.2). The observed sample Tg can be attributed to an increase in 
moisture content, which was calculated to be approximately 9.4% (wet basis) based on the 
assumptions that the initial MeltQ moisture content was approximately zero and that any 
recorded weight change due to exposure to 43%RH could be attributed to an increase in sample 
moisture content. It is well-established in the literature for many amorphous solids, including 
sucrose, that Tg decreases with increasing moisture content due to the plasticizing effect of water 
(Abiad et al., 2009; Lechuga-Ballesteros et al., 2002). Despite the substantial increase in sample 
moisture content and consequential decrease in Tg, MeltQ samples exposed to 43%RH did not 
exhibit an exothermic cold crystallization peak (Table 5.2). One possible explanation for the 
observed lack of cold crystallization is that, despite the increase in sample moisture content, the 
amount of moisture absorbed was not sufficiently high enough to facilitate the movement and 
collisions of sucrose molecules necessary to form stable nuclei, which are required for 
subsequent crystal growth (Elamin et al., 1995; Slade and Levine, 1991; te Booy et al., 1992). 
However, this explanation seems somewhat unlikely given the moisture content and thermal 
behavior results reported in Chapter 3 for FreD and SprayD, which demonstrated that FreD and 
SprayD had lower moisture contents of 2.14% and 3.16%, respectively, but both exhibited cold 
crystallization. Although the moisture content of the MeltQ samples was calculated as higher 
than those of FreD and SprayD, it is also possible that the difference in cold crystallization 
behavior of these samples was due to a difference in the distribution of the moisture within the 
sample, as the moisture sorbed by the MeltQ sample was most likely concentrated near its 
surface, while the moisture in the FreD and SprayD samples was distributed throughout the 




who showed using FT-near infrared (FT-NIR) microspectroscopy that the rate of moisture 
penetration into various sucrose-based glasses was relatively slow compared to surface sorption, 
resulting in the formation of a high-moisture surface layer with a distinct boundary from the 
intact glassy interior. 
A third explanation for the observed lack of cold crystallization of MeltQ samples 
exposed to 43%RH is that thermal decomposition compounds generated during the heating step 
of the melt-quenching process prevented the additional moisture present in the sample matrix 
from enabling the sucrose molecules to develop the long-range order required for cold 
crystallization to occur. Saleki-Gerhardt (1993), examining the effects of lactose and trehalose on 
the glass transition and cold crystallization temperatures of freeze-dried sucrose humidified to a 
constant wet basis moisture content of 2%, observed that the plasticizing effect of added water 
offset the antiplasticizing effects of low molar concentrations of added lactose and trehalose (<10 
mol%), resulting in freeze-dried amorphous sucrose/lactose and sucrose/trehalose samples with 
lower Tc values than their counterparts of similar composition with 0% moisture content. 
However, when lactose or trehalose were added to freeze-dried sucrose at molar concentrations 
at or above 50%, sample cold crystallization was completely inhibited, indicating that at high 
enough additive concentrations, the increased molecular mobility caused by the added water was 
not sufficient enough to overcome the inhibitory effects of the additives. Since, as previously 
discussed, the combined HPLC and HPAEC-PAD results revealed that thermal decomposition 
indicator compounds, glucose, fructose, 5-HMF, and 1-kestose, along with a variety of other 
unidentified thermal decomposition products, were found in MeltQ prepared under the same 
conditions as the samples held over 43%RH (Table 5.3), it seems reasonable to conclude that 




Effect of grinding 
 Tg, Tc, and Tm parameters for MeltQ ground samples are reported in Table 5.2. In 
general, these samples displayed a glass transition at approximately 70.7°C (Tg midpoint), an 
exothermic cold crystallization peak at 131.4°C (Tc onset), and an endothermic melting peak at 
166.8°C (Tm onset). Compared to the other previously discussed conditions that encouraged some 
cold crystallization in MeltQ, namely seeding and partial-melting to 185, 188, and 191°C, 
grinding was the most effective condition employed, as the magnitude of ΔHc for MeltQ ground 
was approximately 20 J/g, whereas ΔHc for MeltQ samples prepared by seeding and partial-
melting were approximately 0.4 J/g and 3 J/g, respectively. Nevertheless, ΔHc of MeltQ ground 
was still significantly smaller than that of FreD (ΔHc = 84.56 J/g). The effectiveness of grinding 
suggests that, in general, sample structure may play a more important role in the lack of cold 
crystallization of MeltQ than absence of heterogeneous nuclei, lower sample moisture content, or 
thermal decomposition. However, the observed cold crystallization behavior of MeltQ ground 
may be the result of changes in sample structure and an increase in nuclei, as the value of ΔHm 
was found to be slightly larger than that of ΔHc, indicating that a small amount (~5%) of 
crystalline sucrose was generated during the grinding process. Previous studies have shown that 
grinding can create crystalline nuclei in melt-quenched amorphous active pharmaceutical 
ingredients (Desprez and Descamps, 2006; Otte et al., 2012; Trasi et al., 2010). For example, 
Otte et al. (2012) demonstrated via powder X-ray diffraction that while melt-quenched 
amorphous griseofulvin was X-ray amorphous, melt-quenched griseofulvin ground with a mortar 
and pestle was semi-crystalline, indicating that grinding induced crystal nucleation and growth in 
the melt-quenched material, which led to the observed increase in sample crystallinity. Given 




inducing cold crystallization in MeltQ (Table 5.2), it seems reasonable to conclude that changes 
in sample structure had a greater impact on the cold crystallization behavior of MeltQ ground, 
but it is difficult to say with certainty. The apparent influence of both structural changes and 
additional nuclei on the cold crystallization behavior of MeltQ ground likely stems from the 
complex nature of grinding, which involves both shear force and pressure to decrease particle 
size and increase surface area, and may also generate significant heat due to friction. To tease 
apart whether the physical force component or friction-induced heat component of the grinding 
process induced cold crystallization in MeltQ, future experiments could focus on altering the 
structure of MeltQ by applying different amounts of pressure to the sample using, for example, a 
pellet press. These experiments were not carried out herein, as it was observed that the MeltQ 
samples prepared in the DSC tended to form clumps or beads of amorphous glassy material 
along the sides of the DSC pan, rather than a continuous layer of uniform thickness, which would 
have made it challenging to apply a uniform force to the sample. 
It is also worth noting that although grinding elicited cold crystallization in MeltQ, the 
higher Tc onset of MeltQ ground compared to FreD suggests that thermal decomposition, indicated 
by the presence of thermal decomposition compounds detected in an unground MeltQ sample 
prepared under the same experimental conditions (Table 5.3), still had an impact on the cold 
crystallization behavior of these samples. Previous studies, as well as Chapter 4 of this 
dissertation, have demonstrated that Tc onset increases when sucrose is co-lyophilized with other 
mono-, di-, and trisaccharides, such as fructose, glucose, lactose, maltose, trehalose, and 




Effect of heating rate 
 Thermal analysis results for MeltQ samples prepared at three different heating rates (10, 
25, and 50°C/min) are presented in Table 5.2. Overall, Tg was found to decrease slightly with 
decreasing heating rate employed during the melting step of the melt-quenching process; this 
trend agreed well with previous findings published by Lee et al. (2011), who asserted that since 
crystalline sucrose undergoes thermal decomposition during loss of crystalline structure upon 
heating, and decomposition occurs via a time-temperature process, the larger amount and variety 
of thermal decomposition compounds formed at slower heating rates ultimately decreased the 
overall sample Tg via plasticization. Chemical composition data collected in this study for MeltQ 
samples prepared at 10, 25, and 50°C/min supports the explanation put forth by Lee et al. (2011), 
as MeltQ samples prepared at 10°C/min, the slowest heating rate employed herein, contained the 
greatest amounts of thermal decomposition indicator compounds, glucose (14.4%), fructose 
(1.43%), 5-HMF (0.082%), and 1-kestose (0.97%), and the least amount of sucrose (50.9%) 
(Table 5.3); conversely, MeltQ samples prepared at 50°C/min contained the least amounts of 
glucose (9.13%), 5-HMF (0.038%), and 1-kestose (0.62%), and the greatest amount of sucrose 
(64.9%). Although the extent of thermal decomposition in MeltQ samples was found to decrease 
with increasing heating rate employed, DSC analysis revealed that none of the samples exhibited 
an exothermic cold crystallization peak (Table 5.2). The lack of cold crystallization in all MeltQ 
samples, regardless of the heating rate used to prepare the sample, suggests that thermal 
decomposition compounds were able to impede cold crystallization by preventing the remaining 
intact sucrose molecules from interacting with one another to form long-range molecular order. It 
is possible that higher heating rates could decrease the degree of thermal decomposition to a 




carried out using a high-performance DSC1, as the maximum heating rate achievable with the 
conventional DSC instrument utilized herein is 150°C/min due to the effects of thermal lag that 
result from the thermal resistance between the DSC pan and sensor (Cassel, 2005). Work to 
suppress thermal decomposition and achieve thermodynamic melting of crystalline sucrose has 
been carried out by both Lee et al. (2011d) and Magon et al. (2015). Lee et al. (2011d), using a 
rapid-scanning DSC from TA Instruments, determined that the upper limit heating rate for the 
instrument, 1500°C/min, was not fast enough to obtain a thermodynamic melting temperature for 
sucrose. On the other hand, Magon et al. (2015) asserted that sucrose thermal decomposition did 
not occur upon heating the material at a rate of 1000°C/second (60,000°C/min) using a Mettler-
Toledo Flash DSC 1. These researchers based their conclusion on visual inspection of the sample 
after heating, but no chemical analysis data was provided to corroborate their statement. Thus, it 
is difficult to say with certainty whether the thermal analysis instrumentation currently available 
has the capability to produce MeltQ with sufficiently low levels of thermal decomposition 
compounds. Consequently, another means of producing MeltQ may be necessary in order to 
determine if the absence of thermal decomposition compounds would allow for cold 
crystallization of sucrose to occur. 
5.5 Conclusions 
This research was performed to explore the relative impact of four different factors— 
absence of heterogeneous nuclei, lower sample moisture content, structural dissimilarity to the 
crystalline state, and thermal decomposition—on the cold crystallization behavior of MeltQ. 
                                                 
1 The term “high-performance” was meant as a general name for DSCs that achieve much faster heating 
and cooling rates than those attainable with a conventional DSC. This instrumentation is referred to in the 
literature by a variety of different names, including HyperDSC™ (Goth et al., 2011; Lappalainen et al., 
2006), high-speed DSC (McGregor et al., 2004; Pijpers et al., 2002; Saunders et al., 2004), rapid-scanning 
DSC (Danley et al., 2008), fast-scanning DSC (Ford and Mann, 2012; Magon et al., 2015; Mathot et al., 




Various conditions based on the aforementioned factors, including seeding, partial-melting, 
moisture content, grinding, and heating rate, were employed to assess their ability to induce cold 
crystallization in MeltQ. Seeding with intact fruit granulated sucrose, increased moisture content, 
and heating rate were not able to promote cold crystallization in MeltQ. On the other hand, 
seeding with ground analytical grade crystalline sucrose, partial-melting, and grinding did induce 
some cold crystallization in MeltQ. Of these three treatments, grinding was the most effective 
condition employed, as supported by the magnitude of ΔHc. The effectiveness of grinding 
suggested that sample structure had more of an influence on the cold crystallization behavior of 
MeltQ than the other previously mentioned factors, specifically absence of heterogeneous nuclei, 
lower sample moisture content, and thermal decomposition. However, the additional crystalline 
material generated during the grinding process made it difficult to conclude with certainty 
whether changes in sample structure or additional nuclei had a greater influence on the cold 
crystallization behavior of MeltQ ground. Due to the complex nature of the grinding process, 
additional research exploring the ability of varying amounts of pressure to induce cold 
crystallization in MeltQ would be beneficial to tease apart whether the physical force component 
or friction-induced heat component of the grinding process induced cold crystallization in 
MeltQ.  
Although seeding with ground analytical grade crystalline sucrose, partial-melting, and 
grinding were able to induce cold crystallization in MeltQ, in all cases the average Tc onset was 
higher and average ΔHc considerably smaller than those measured for FreD. The higher Tc onset 
and smaller ΔHc were attributed to the effect of thermal decomposition, as MeltQ prepared by 
heating at 10°C/min to 195°C (the same conditions used to prepare MeltQ for seeding, storage at 




herein, along with several other unidentified decomposition products. As previously mentioned, 
several studies, including Chapter 4, have shown that Tc onset increases and ∆Hc decreases when 
sucrose is co-lyophilized with other monosaccharides such as glucose and fructose. Thus, 
thermal decomposition, indicated by the presence of thermal decomposition compounds, appears 
to have been a ubiquitous factor that all other conditions employed to induce cold crystallization 
in MeltQ had to compete with. Since thermal decomposition compounds are inherently present in 
MeltQ sucrose, a possible approach to future investigations of the factors affecting cold 
crystallization could be to compare the behavior of a wide range of low molecular weight 
amorphous carbohydrates. No work was found in this specific area, however, results published 
by Surana et al. (2004) on the thermal behavior differences of differently amorphized trehalose 
suggest that the cold crystallization behavior of other low molecular weight carbohydrates is not 
necessarily the same as that of sucrose, even when the same amorphization methods are used. 
Specifically, Surana et al. (2004) found that amorphous trehalose prepared by freeze-drying and 
melt-quenching exhibited cold crystallization, while amorphous trehalose prepared by spray-
drying did not. However, there were some notable differences in sample formation (e.g., spray-
drying inlet temperature, 60°C compared to 125°C), as well as well as sample preparation (e.g., 
unground compared to ground melt-quenched) and measurement conditions (e.g., hermetically-
sealed compared to pinhole DSC pans), between the work done herein and that reported by 
Surana et al. (2004), which could also contribute to the observed differences in cold 
crystallization behavior. These findings suggest that cold crystallization behavior resulting from 
a specific amorphization method may not be universal, but rather depends on the nature of the 





5.6 Figures and Tables 
 
Figure 5.1: DSC curves for analytical grade crystalline sucrose heated at 10, 25, and 50°C/min, 
showing that the temperature at which the endothermic apparent melting peak is complete 
depends on the heating rate employed in DSC analysis. The dotted vertical lines indicate the final 
heating temperatures (average end temperature plus two standard deviations) employed at each 















Figure 5.2: DSC curve for analytical grade crystalline sucrose at 10°C/min (top), labeled with the 
target temperatures employed to prepare MeltQ via partial-melting. A description of the specific 
feature in the DSC heat flow signal that each target temperature corresponds to is given in the 
table accompanying the figure, along with the actual temperature that the sample reached upon 
heating to these target temperatures (calculated from triplicate measurements).  
  







Before any endothermic peaks 145 143.30 ± 0.02 
Near small peak Tm onset 155 153.31 ± 0.01 
Near small peak Tm peak  165 163.32 ± 0.03 
Before large peak Tm onset 175 173.32 ± 0.10 
Near large peak Tm onset 185 183.02 ± 0.03 
Before large peak Tm peak 188 185.91 ± 0.08 
After large peak Tm peak 191 188.59 ± 0.09 





Figure 5.3: Lock & Lock box desiccator set-up, showing the saturated salt slurry on the bottom 
and the pressure guards (three-legged pizza saver tables) used to raise the plastic sample holder 







Figure 5.4: Schematic of three sample (S) DSC pans and a reference (R) pan loaded into the DSC 





Table 5.1: Apparent melting end temperature (average ± standard deviation) for analytical grade 
crystalline sucrose determined from triplicate measurements at each heating rate employed. 
Heating rate 
(°C/min) 
 Apparent Tm endpoint 
(°C) 
10 194.86 ± 0.06 
25 195.70 ± 0.29 





Table 5.2: Summarized Tg, Tc, and Tm parameters for the different conditions employed to induced cold crystallization in MeltQ 
acquired at 10°C/min (where NP = not present in the DSC scan). The Tg, Tc, and Tm parameters associated with FreD (from Chapter 3, 
Table 3.3) are given as a reference for the typical cold crystallization behavior. 
Preparation 
Method 
















































































































































































































Table 5.2 (cont.) 
Preparation Method 





















Moisture content  









0.01 NP NP NP NP NP NP 
Grinding  



















Heating rate  






0.01 NP NP NP NP NP NP 






0.01 NP NP NP NP NP NP 






±0.03 NP NP NP NP NP NP 
*Since the MeltQ sample prepared by heating to a final temperature of 145°C was the only sample to exhibit both small and large endothermic 
melting peaks, the parameters associated with the small endothermic melting peak are given here as follows: small Tm onset = 145.70 ± 0.50, small 






Table 5.3: Chemical composition of MeltQ prepared at 10°C/min, 25°C/min, and 50°C/min 
(where NP = not present). Sucrose, glucose, fructose, and 5-HMF data were collected using 
HPLC, and 1-kestose data was collected using HPAEC-PAD. 








Heating condition for 
preparing MeltQ 
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Chapter 6: Investigating the moisture-induced crystallization behavior of amorphous 
sucrose prepared by various amorphization methods and the thermal behavior of the 




The moisture-induced crystallization behavior of amorphous sugars, including sucrose, is 
an active area of research due to its significant impact on the stability and quality of amorphous 
sugar-based food and pharmaceutical products. Previous research has identified several factors 
that influence moisture-induced crystallization behavior, including relative humidity, 
temperature, amorphous content, amorphization method, and additives; of these factors, the 
effect of amorphization method on the moisture-induced crystallization behavior of amorphous 
sugars has been explored the least. Given that amorphous sucrose prepared via freeze-drying, 
spray-drying, ball milling, melt-quenching, and spin-melt-quenching was identified in this 
dissertation work to be dissimilar in morphology, moisture content, chemical composition, and 
thermal behavior, the objectives of this study were to compare the moisture-induced 
crystallization behavior of amorphous sucrose prepared using the aforementioned methods, and 
to assess the thermal behavior of the resultant crystals. Moisture sorption profiles of freeze-dried 
(FreD), spray-dried (SprayD), ball milled (BallM), and spin-melt-quenched (SpinMeltQ) 
amorphous sucrose were collected from 10 to 90%RH at 10%RH increments at 25°C using a 
Dynamic Vapor Sorption instrument, while those of melt-quenched (MeltQ) amorphous sucrose 
were determined using saturated salt slurries ranging from 11 to 84%RH at 25°C. Recrystallized 
samples were analyzed for melting parameters using a TA Instruments Q2000 DSC. Under the 
experimental conditions employed, FreD, SprayD, and BallM recrystallized at and above 
30%RH, whereas SpinMeltQ recrystallized at and above 40%RH. Regardless of amorphization 




SpinMeltQ decreased and the maximum equilibrium moisture content achieved prior to 
crystallization increased, except at 80%RH. However, the actual crystallization onset times and 
maximum equilibrium moisture content values at a given %RH differed amongst the differently 
amorphized sucrose samples. Sucrose recrystallized from FreD, SprayD, BallM, and SpinMeltQ 
at different %RH values generally exhibited two endothermic peaks. However, the onset 
temperature of the initial endothermic peak (Tm onset) and total enthalpy of both peaks (ΔHm) at a 
given %RH condition varied as a function of amorphization method, with BallM and SpinMeltQ 
samples generally exhibiting lower Tm onset and ΔHm values than FreD and SprayD. In contrast, 
MeltQ only partially recrystallized after 12 weeks of storage at 43, 53, and 64%RH, as indicated 
by the presence of two glass transitions and a broad endothermic peak.           
6.2 Introduction 
Amorphous sugars, including sucrose, are a key component of a number of low-moisture 
food and pharmaceutical products (e.g., spray-dried flavors, confections, milk and beverage 
powders, tableted drugs) due to their encapsulation abilities, high dissolution rates, and high 
solubility (Gharsallaoui et al., 2007; Hancock and Shamblin, 1998; Hartel et al., 2011; Jouppila, 
2006; White and Cakebread, 1966; Yu, 2001). In general, amorphous sugars are stable under 
controlled environmental conditions, however, they have a strong tendency to sorb moisture 
from their surroundings at all relative humidity values, and this tendency is generally greater 
than that of their corresponding crystalline forms (Hancock and Shamblin, 1998; Schmidt, 2012). 
The ability of amorphous sugars to readily sorb large quantities of moisture results from the 
characteristic lack of molecular ordering of the amorphous state; the increased void space 
between molecules in an amorphous material allows moisture to be absorbed into its bulk 




crystalline solids (Ahlneck and Zografi, 1990; Hancock and Zografi, 1997; Zografi, 1988). 
Absorbed water can act as a plasticizer, resulting in an increase in free volume and molecular 
mobility, and a corresponding decrease in the glass transition temperature of amorphous sugars 
(Roos and Karel, 1991; Slade and Levine, 1991). Ultimately, the depression of the glass 
transition temperature may lead to a variety of undesirable moisture-induced physical changes, 
including stickiness, caking, collapse, and recrystallization (Mathlouthi, 1995; Roos, 1995). Of 
these undesirable physical changes, moisture-induced crystallization has received particular 
attention, as this process can significantly impact the stability and quality of amorphous sugar-
based food and pharmaceutical products (Ahlneck and Zografi, 1990; Ergun et al., 2010; Hartel 
and Shastry, 1991; Saleki-Gerhardt and Zografi, 1994).  
 The moisture-induced crystallization behavior of amorphous sugars, particularly sucrose 
and lactose, has been studied by numerous researchers, and has been found to be influenced by 
several factors, which are summarized in Table 6.1. In general, it has been reported that 
increasing relative humidity (%RH), temperature, and crystalline content (decreasing amorphous 
content) promote the occurrence of moisture-induced crystallization, while the presence of 
certain additives inhibits moisture-induced crystallization. The effect of amorphization method 
on moisture-induced crystallization behavior has also been explored for some amorphous sugars, 
mainly lactose and trehalose, as it is widely known that various methods can be used to produce 
the amorphous state of sugars, including melt-quenching, spin-melt-quenching, freeze-drying, 
spray-drying, and ball milling. For example, freeze-dried amorphous lactose was found to absorb 
a higher amount of water than spray-dried amorphous lactose when exposed to the same relative 
humidity and temperature conditions (Haque and Roos, 2006; Miao and Roos, 2006). 




amorphous lactose (Haque and Roos, 2006; Miao and Roos, 2006). The authors attributed these 
findings to differences in the physical structures (e.g., surface area, morphology, molecular 
arrangement) of spray-dried and freeze-dried amorphous lactose resulting from inherent 
differences in these amorphization methods (Miao and Roos, 2006). Saleki-Gerhardt and Zografi 
(1994) reported that the induction time (time necessary for moisture-induced crystallization to 
occur) at 32.4%RH and 30°C was significantly less for milled amorphous sucrose than freeze-
dried amorphous sucrose, however, no other studies comparing the moisture-induced 
crystallization behavior of differently amorphized sucrose were found in the literature. Given the 
extensive use of amorphous sucrose in the food and pharmaceutical industries, and new evidence 
presented in this dissertation work that amorphous sucrose prepared via freeze-drying, spray-
drying, ball milling, melt-quenching, and spin-melt-quenching are dissimilar in morphology, 
moisture content, chemical composition, and thermal behavior, additional research to understand 
the effect of amorphization method on the moisture-induced crystallization behavior of 
differently prepared amorphous sucrose is merited. Thus, the first objective of this study was to 
compare the moisture-induced crystallization behavior of amorphous sucrose prepared by freeze-
drying, spray-drying, ball milling, melt-quenching, and spin-melt-quenching. 
  The second objective of this study was to assess the thermal behavior of sucrose 
recrystallized under different relative humidity conditions from amorphous sucrose prepared by 
freeze-drying, spray-drying, ball milling, melt-quenching, and spin-melt-quenching. Only one 
similar study, conducted by Kawakami et al. (2006), was found that investigated the thermal 
behavior of freeze-dried amorphous sucrose recrystallized at different temperature and relative 
humidity combinations. Regardless of the temperature and relative humidity conditions 




of the recrystallized sucrose was very different from that of the original, intact crystalline sucrose 
(Figure 6.1). When freeze-dried amorphous sucrose was recrystallized at a constant %RH 
(53%RH) and varying temperatures (30 to 60°C), two endothermic DSC peaks were observed, 
with the magnitude of the first endothermic peak decreasing and the peak temperature of the 
second endothermic peak increasing with increasing recrystallization temperature (Figure 6.1a-
d), whereas the intact crystalline sucrose exhibited only one endothermic peak (Figure 6.1h). The 
authors attributed these differences in thermal behavior to defects in the crystalline lattice 
structure produced during moisture-induced crystallization, where higher recrystallization 
temperatures resulted in increased molecular mobility that allowed the sucrose molecules to 
crystallize more perfectly. Conversely, when freeze-dried amorphous sucrose was recrystallized 
at a constant temperature (30°C) and varying %RH values (32, 42, and 53%RH), the peak 
temperature of the second endothermic peak decreased with increasing %RH. In this case, the 
authors concluded that the increase in moisture uptake with increasing %RH caused a decrease in 
the melting temperature of the resultant crystals. With so little known about the thermal behavior 
of crystals formed via moisture-induced crystallization, the goal of the second objective of this 
study was to expand upon the findings of Kawakami et al. (2006) by exploring the effect of 
amorphization method on the thermal behavior of sucrose recrystallized under different relative 
humidity conditions.     
6.3 Materials and Methods 
Materials 
All amorphous sucrose samples were prepared using analytical grade crystalline sucrose 
(≥99.5%; catalogue number S0389) obtained from Sigma-Aldrich Co. (St. Louis, MO). The 




original container, which was capped and sealed tightly with parafilm after opening and between 
uses.  
Sample preparation and storage  
 Amorphous sucrose samples were prepared from analytical grade crystalline sucrose 
using five different amorphization methods: freeze-drying, spray-drying, ball milling, melt-
quenching, and spin-melt-quenching. Duplicate batches of each amorphous sucrose type were 
produced in order to control for any possible batch effects. Due to the low sample throughput of 
the dynamic vapor sorption instrument, additional batches of spray-dried and ball-milled sucrose 
had to be prepared in order to complete the data collection, as during the course of sample 
testing, the original batches of these samples recrystallized; this was verified via standard 
differential scanning calorimetry by heating ~10 mg of sample from -50ºC to 200ºC at 10ºC/min. 
The additional batches of spray-dried and ball-milled sucrose were confirmed as similar to 
previous batches via moisture content analysis using Karl Fischer titration and differential 
scanning calorimetry using the aforementioned testing protocol. 
 Amorphous sucrose samples were stored under ambient temperature and relative 
humidity conditions in screw top glass vials sealed with parafilm until sample analyses could be 
conducted. The temperature and relative humidity of the laboratory were monitored using a high 
accuracy, calibrated Traceable® thermometer (Thermo Fisher Scientific Company, Waltham, 
MA) and a Psychro-Dyne psychrometer (Industrial Instruments & Supplies, Southampton, PA), 
respectively, to assess the magnitude of environmental fluctuations over the course of sample 
production and testing (October-September). While the temperature of the laboratory remained 




relative humidity of 35% in October and November, 15% in December through March, and 40% 
in April through September. 
Freeze-dried sucrose (FreD) was prepared by filling a metal tray (width: 7 ½’’, length: 
11 ⅞”, height: 2”) with 200 mL of a 15% (%w/w) sucrose-deionized water solution. Before 
freeze-drying, the sucrose solution was pre-frozen in a -80°C freezer for 24 hours and doused 
with liquid nitrogen for approximately 5 minutes. The frozen sucrose solution was then loaded 
onto the shelf, set to -45°C, of a Unitop 600SL drying chamber (VirTis Company Inc., Gardiner, 
NY) attached to a Freezemobile 12 freeze-dryer (VirTis Company Inc., Gardiner, NY). The 
vacuum (100 militorr) was immediately turned on and the sample was exposed to the following 
step increases in temperature for the specified times: -45°C for 48 hours, -35°C for 24 hours, -
25°C for 24 hours, -15°C for 24 hours, -5°C for 24 hours, 5°C for 24 hours, 15°C for 24 hours, 
and 25°C for 24 hours (Lee et al., 2010).  
Spray-dried sucrose (SprayD) was prepared by spray drying a 20% (%w/w) sucrose-
deionized water solution using a Büchi-B290 Mini Spray Dryer (Büchi Labortechnik AG, Flawil, 
Switzerland) with an inlet temperature of 65°C, an aspirator setting of 100% (38 m3/h), a pump 
setting of 3% (1.1 mL/min), and a nozzle air flow rate of 601 L/h (50 on the nozzle rotameter 
scale) (Imtiaz-Ul-Islam and Langrish, 2009).  
Ball milled sucrose (BallM) was prepared using a SPEX 8000D high-energy ball mill 
(SPEX SamplePrep, Metuchen, NJ). Crystalline sucrose (~6-8 g), sealed into an alumina ceramic 
grinding vial with one ½ inch alumina ceramic ball (SPEX SamplePrep, Metuchen, NJ), was 
milled for a total of 12 hours. Milling was conducted in 2 hour intervals at a frequency of 50 Hz, 
separated by 30-minute cool-down periods to allow the temperature of the instrument to return to 




described in Chapter 3, the milling time was chosen based on preliminary studies carried out in 
the Schmidt laboratory, as well as results published by Font and others (1997), which both 
indicated that around 10 hours of milling was sufficient to create a sample with substantial 
amorphous content, as determined by differential scanning calorimetry. 
Melt-quenched sucrose (MeltQ) was prepared by heating and vigorously stirring 25 g of 
crystalline sucrose with a silicone spatula (Core Home, New York, NY) in a 90 x 50 mm 
crystallizing dish on a hot plate until all sucrose crystals visually disappeared, at which point the 
molten sucrose was poured onto a metal tray and spread out in a thin layer using a stainless steel 
offset spatula (The Washburn Company, Worcester, MA). 
Spin-melt-quenched sucrose (SpinMeltQ) was prepared by heating 100 g of crystalline 
sucrose on high in the floss head of an Econo-Floss Model 3017SS cotton candy machine (Gold 
Medal Products Co., Cincinnati, OH). Once floss started appearing in the collection bowl, the 
heat was reduced to medium and the resultant sucrose floss was collected on paper cones 
(Econo-Floss Instruction Manual, Gold Medal Products Co.). 
Moisture sorption behavior using dynamic vapor sorption 
Dynamic Vapor Sorption (DVS) Advantage and Intrinsic systems (Surface Measurement 
Systems, London, UK) were used in tandem to obtain the moisture sorption profiles of 
amorphous sucrose samples at 25°C. Prior to, and periodically throughout, sample testing, the 
balance in both the DVS Advantage and Intrinsic instruments was calibrated at 25°C using a 
standardized 100 mg weight and the mass flow controllers were verified according to the 
manufacturer’s instructions using three salts, LiCl (11.3%RH), MgCl2 (32.8%RH), and NaCl 
(75.3%RH) (Levoguer, 2012). Amorphous sucrose samples (~10 mg) were placed in the DVS 




minutes to stabilize the sample and balance; aw values were determined as reported in Chapter 3 
using an AquaLab Series 4TE DUO instrument (Decagon Devices, Inc., Pullman, WA) (Table 
6.2). The samples were then ramped to the desired experimental %RH, which ranged from 10 to 
90%RH in 10%RH increments, and held for varying amounts of time. Dry nitrogen, set at a flow 
rate of 200 standard cubic centimeters per minute (sccm), was used to control the relative 
humidity inside the sample and reference chambers. To streamline sample testing, a preliminary 
DVS study was conducted to establish a holding time (in minutes) at each experimental %RH 
condition that would allow all of the differently amorphized samples to reach equilibrium. For 
%RH conditions under which samples did not recrystallize, holding times were calculated by 
adding two standard deviations to the average time necessary for the sample to achieve a dm/dt 
criterion of less than 0.0005%; for %RH conditions under which samples recrystallized, holding 
times were determined by adding two standard deviations to the average time required to reach 
the end of the moisture-induced crystallization event, indicated by a sharp decrease in mass 
associated with the release of water upon crystallization (Figure 6.2). Based on these preliminary 
experiments, the following holding times were selected for FreD, SprayD, BallM, and 
SpinMeltQ samples: 2880 minutes for 10, 20, and 30%RH, 2600 minutes for 40%RH, 1500 
minutes for 50 and 60%RH, 1650 minutes for 70 and 80%RH, and 2600 minutes for 90%RH. 
Moisture sorption profiles for each batch of FreD, SprayD, BallM, and SpinMeltQ were 
collected in duplicate at all %RH increments. Compared to the other amorphous sucrose 
samples, MeltQ remained amorphous under all %RH conditions even when held at elevated 
%RHs for up to 6 days, as indicated by the lack of a decrease in moisture content that is 
generally observed upon moisture-induced crystallization (Figure D.1). Therefore, in order to 




were held at 25°C over saturated salt slurries in airtight, waterproof plastic containers 
commercially known “Lock & Lock” boxes (Heritage Mint, Ltd., Scottsdale, AZ). 
Data were exported to Microsoft Excel for analysis using a DVS macro. The DVS mass 
measurements obtained over time for each sample were converted to percent dry basis (%db) 
moisture content (g water/g solid x 100%) using the following method. First, the initial amount 
of moisture (in grams) in the sample at the end of the 180-minute equilibration period was 
determined using the appropriate Karl Fischer moisture content value (Table 6.3). Then, any 
subsequent weight changes (positive or negative, depending on the %RH condition) were added 
to the initial amount of moisture to determine the total amount of moisture in the sample as a 
function of time. Finally, the total amount of moisture in the sample (in grams) was divided by 
the amount of dry amorphous solid (in grams) in the initial sample, which was calculated by 
subtracting the initial amount of moisture from the starting total sample mass. Derivative of mass 
versus time plots were also generated in Microsoft Excel to determine crystallization onset times, 
which corresponded to the point where the derivative curve intercepted the x-axis (i.e., the x-
intercept) (Figure 6.3) (Burnett et al., 2006). 
Saturated salt slurry preparation 
 Based on the preliminary DVS results described above, eight saturated salt slurries were 
produced to assess the moisture sorption behavior of MeltQ under different constant relative 
humidity conditions. The salts, listed in Table 6.4, were selected to replicate the %RH conditions 
used in dynamic vapor sorption studies as closely as possible. Each salt slurry was prepared by 
adding excess salt to 100 mL of deionized water. The slurry was then heated on a hot plate to 
approximately 50°C and stirred using a magnetic stir bar. After 2 hours, the salt slurry was 




slurry was observed to contain excess salt crystals, indicating that the solution was saturated. In 
order to verify that the aw of each saturated salt solution matches its literature-reported value, aw 
measurements were performed in triplicate at 25°C using an AquaLab Series 4TE DUO 
instrument (Decagon Devices, Inc., Pullman, WA) and were determined to be within ± 0.005 aw, 
or 0.5%RH, of the reported literature values (Table 6.4). Each saturated salt solution, as well as 
the excess salt crystals, were transferred to a Lock & Lock box (Heritage Mint, Ltd., Scottsdale, 
AZ), making sure that the slurry covered the entire bottom of the container and that the crystals 
did not protrude above the thin layer of saturated salt solution. Due to its small size (90 x 50 x 
70mm), the Lock & Lock box functions as a miniature desiccator, shortening the required 
equilibration time by improving the sample area to chamber volume ration (Lang et al., 1981). 
Plastic weigh boats containing MeltQ samples were raised above the saturated salt slurry on 
pressure guards (three-legged pizza saver tables, also called a box tent) positioned inside the 
Lock & Lock box (Figure 6.4).  
Moisture sorption behavior using saturated salt slurries 
 The moisture sorption behavior of duplicate samples (~0.5 g) from each MeltQ batch was 
observed at room temperature (~25°C) over the course of six months. Samples stored over 
saturated solutions of LiCl (11%RH), CH3COOK (22%RH), MgCl2 (33%RH), K2CO3 (43%RH), 
Mg(NO3)2 (53%RH), and KCl (84%RH) were weighed at weekly intervals until month three and 
monthly intervals thereafter. Samples stored over NaNO2 (64%RH) and NaCl (75%RH) 
saturated solutions were weighed at weekly intervals until month four and then monthly until the 
end of testing. To minimize exposing samples to ambient conditions for an extended period of 
time, mass measurements were completed quickly using an analytical balance and samples were 




measurements were converted to percent moisture content (% dry basis, %db) using the 
appropriate MeltQ batch initial moisture content value measured via Karl Fischer titration in 
Chapter 3 (Table 6.3).  
Differential scanning calorimetry 
Differential scanning calorimetry (DSC) was conducted to characterize the thermal 
behavior of sucrose recrystallized at different relative humidity values from FreD, SprayD, 
BallM, MeltQ, and SpinMeltQ. All experiments were carried out using a DSC Q2000 (TA 
Instruments, New Castle, DE) equipped with an RCS 90 refrigerated cooling system and purged 
with dry nitrogen gas at a flow rate of 50 mL/min. The DSC was calibrated for temperature and 
enthalpy prior to sample analysis using indium as a standard (Tm onset = 156.6°C and ΔH = 28.71 
J/g). All sample testing and calibrations were performed in hermetic aluminum Tzero pans with 
both an inner Tzero lid (typically used for crimped pans) and an outer Tzero hermetic lid (TA 
Instruments, New Castle, DE). For relative humidity values that resulted in recrystallization, 
duplicate samples (~10 mg) of recrystallized material from each amorphous sucrose batch were 
hermetically sealed in pre-weighed DSC pans, equilibrated at -50°C, and then heated at 
10°C/min to 220°C. Thus, for a given %RH recrystallization condition, a total of four samples 
per amorphous sucrose type (i.e., FreD, SprayD, BallM, MeltQ, SpinMeltQ) were analyzed. 
Melting parameters (Tm onset of the initial peak and ΔHm total) were determined from DSC scans 
using Universal Analysis (UA) software (Version 4.5A, TA Instruments, New Castle, DE). 
6.4 Results and Discussion 
Moisture sorption behavior using dynamic vapor sorption 
 The moisture sorption profiles of FreD, SprayD, BallM, and SpinMeltQ collected at 25°C 




method, FreD, SprayD, BallM, and SpinMeltQ exhibited similar moisture sorption behavior at 
the lowest (10 and 20%) and highest (90%) %RH conditions employed. When exposed to 10 and 
20%RH, none of the amorphous sucrose samples recrystallized, indicated by the lack of a 
characteristic decrease in moisture content that is generally observed upon moisture-induced 
crystallization (Figure 6.5a, b). A slight difference was noted between the moisture sorption 
profiles of SprayD and the other amorphous sucrose samples at 10%RH; namely, SprayD 
initially desorbed a small amount of moisture before leveling out at an equilibrium moisture 
content of approximately 3% dry basis for the duration of the 2880-minute experiment, whereas 
FreD, BallM, and SpinMeltQ initially absorbed a small amount of moisture. The observed 
decrease in moisture content can be attributed to the initial %RH condition to which SprayD was 
exposed being higher than 10%RH (Table 6.2). At 90%RH, the highest %RH employed, all 
amorphous sucrose samples continuously absorbed moisture until they formed a solution with an 
average equilibrium moisture content of 66.2% db, which was substantially higher than the 
maximum moisture content values reached at all other %RH conditions tested. The average 
equilibrium moisture content calculated for FreD, SprayD, BallM, and SpinMeltQ at 90%RH 
was similar to that previously obtained for freeze-dried amorphous sucrose (68.8% db) (Yu et al., 
2008), as well as crystalline sucrose (66.0% db at 20°C) (Kou et al., 1999).  
 When exposed to 30%RH, FreD, SprayD, BallM, and SpinMeltQ exhibited an initial 
increase in moisture content due to water vapor sorption, which in all samples except SpinMeltQ 
was followed by a decrease in moisture content after varying amounts of time (Figure 6.5c and 
Table 6.5); this well-documented water absorption-release behavior is associated with the 
moisture-induced crystallization of amorphous sugars, including sucrose (Elamin et al., 1995; 




are somewhat surprising given that a previous study published by Yu et al. (2008), which 
investigated the moisture sorption behavior of freeze-dried amorphous sucrose under identical 
temperature and %RH conditions using a DVS instrument, did not observe moisture-induced 
crystallization at 30%RH. However, the holding time at 30%RH was significantly shorter in the 
study conducted by Yu et al. (2008) than herein (2000 minutes versus 9000 minutes1), which 
explains the differing results. Yu et al. (2008) suggested this possibility in the discussion of their 
data, stating that “perhaps a longer duration experiment would result in crystallization at 30%, 
since this %RH value falls within the lower 95% confidence limit of Tg as shown in Figure 8.” 
Thus, extending the holding time at 30%RH to 9000 minutes for all amorphous sucrose samples 
not only confirmed that SprayD underwent moisture-induced crystallization around 2400 
minutes, but also proved that FreD would crystallize at 30%RH under a longer duration 
experiment.  
 At 40, 50, 60, 70, and 80%RH, moisture-induced crystallization was observed in all 
amorphous sucrose samples (Figure 6.5d-h). In general, as %RH increased, the moisture-induced 
crystallization onset time decreased and the maximum equilibrium moisture content achieved 
prior to crystallization increased, except at 80%RH, where both the onset time for crystallization 
and maximum equilibrium moisture content were found to increase (Table 6.5); as suggested by 
Yu et al. (2008), this may be due to dilution effects, which would decrease the rate of 
crystallization at elevated relative humidity values. Previous researchers have observed similar 
crystallization trends with increasing relative humidity for amorphous sucrose prepared by 
                                                 
1 It should be noted that the duration of the experiments at 30%RH were extended for all amorphous 
sucrose samples from 2880 minutes to 9000 minutes after initial DVS runs revealed that SprayD 
decreased in moisture content around 2400 minutes, suggesting that these samples were capable of 




freeze-drying (Van Scoik and Carstensen, 1990; Yu et al., 2008) and spray-drying (Elamin et al., 
1995; Makower and Dye, 1956).  
Although the moisture sorption profiles of FreD, SprayD, BallM, and SpinMeltQ all 
followed the same general trends with increasing %RH, the actual crystallization onset time and 
maximum equilibrium moisture content values differed amongst the differently amorphized 
sucrose samples (Table 6.5). For example, compared to FreD, SprayD, and SpinMeltQ, BallM 
exhibited the shortest crystallization onset times and lowest maximum equilibrium moisture 
contents at 40, 50, 60, and 70%RH. There are two possible explanations for the observed 
moisture-induced crystallization behavior of BallM. First, the semi-crystalline nature of BallM, 
which was observed via scanning electron microscopy and measured via powder X-ray 
diffraction and standard and modulated differential scanning calorimetry in Chapter 3, may 
contribute to the reduced crystallization onset times. Saleki-Gerhardt and Zografi (1994), 
comparing the crystallization onset times of freeze-dried and milled amorphous sucrose at 30°C 
and 32.4%RH, also found that milled amorphous sucrose had a much shorter crystallization 
onset time than freeze-dried amorphous sucrose. The authors attributed this finding to the 
crystalline component of milled amorphous sucrose acting as seed crystals, which increased the 
rate of nucleation and allowed for faster recrystallization. The semi-crystalline nature of BallM 
could also account for its lower maximum equilibrium moisture content values, as crystalline 
materials tend to sorb less moisture than their amorphous counterparts at %RH conditions below 
their deliquescence point, RH0, which for crystalline sucrose at 25°C is equal to 85.7%RH 
(Ahlneck and Zografi, 1990; Yao et al., 2011; Zografi, 1988). Second, the location of the 
amorphous regions in BallM may also play a role in its observed moisture-induced 




predominantly located on the surface of the material, leaving the bulk (interior) mainly 
crystalline (Begat et al., 2003; Rani et al., 2006; Ward and Schultz, 1995). Since moisture-
induced crystallization is a diffusion-driven process, whereby moisture diffuses from the surface 
of a material to its interior, less moisture diffusion may be required to induce crystallization in 
BallM because its amorphous content is confined to the surface, which could explain both the 
shorter crystallization onset time and lower maximum equilibrium moisture content achieved 
prior to crystallization. Due to the complex nature of the moisture-induced crystallization 
process, it is likely that both explanations factor into the observed behavior of BallM to some 
extent. 
In contrast to BallM, SpinMeltQ had the longest crystallization onset times at 40, 50, 60, 
and 70%RH (Table 6.5). The extended crystallization onset times observed for SpinMeltQ may 
be due to the space between the individual glassy threads delaying the structural collapse of the 
material, as previous work conducted by Labuza and Labuza (2004) showed that cotton candy 
prepared using crystalline sucrose did not crystallize until it had completely collapsed. It is also 
possible that thermal decomposition compounds generated during the heating step of the spin-
melt-quenching process, which were indicated by the presence of select thermal decomposition 
compounds detected in SpinMeltQ (Table 3.4), contributed to the increased crystallization onset 
times. As discussed in the Introduction, certain additives can retard or even inhibit moisture-
induced crystallization of amorphous sugars (Iglesias and Chirife, 1978; Sormoli et al., 2013; 
Van Scoik and Carstensen, 1990; Zeng et al., 2001).  
While the differences between the moisture-induced crystallization behavior of BallM 
and SpinMeltQ compared to FreD and SprayD are not surprising given their distinct 




precipitation from solution), it is interesting to note that FreD and SprayD exhibited 
dissimilarities in their moisture-induced crystallization behavior. Specifically, FreD sorbed 
higher amounts of moisture than SprayD when exposed to %RH values ranging from 30 to 
80%RH, while SprayD underwent moisture-induced crystallization sooner than FreD under these 
same %RH conditions (Table 6.5). These findings are consistent with those reported by Haque 
and Roos (2006) and Miao and Roos (2006) for freeze-dried and spray-dried amorphous lactose, 
which the authors ascribed to differences in physical structure (e.g., surface area, morphology, 
molecular arrangement) resulting from inherent differences in the amorphization methods (e.g., 
rate of water removal). Thus, it is likely that these same explanations account for the observed 
differences in the moisture-induced crystallization behavior of FreD and SprayD herein. 
However, further characterization of the surface and internal structures (e.g., surface area and 
topography, degree of case hardening, porosity) of these differently amorphized materials is 
necessary.   
Additionally, it is interesting to note that under both moisture and heat (Chapter 3) 
conditions, the differently amorphized sucrose samples followed the same general order in terms 
of their tendency to crystallize, with BallM having the highest tendency to crystallize followed 
by SprayD, FreD, and finally SpinMeltQ. While this observation suggests a possible connection 
between the cold crystallization and moisture-induced crystallization behaviors of differently 
amorphized sucrose, it would be more appropriate to examine the relationship between the 
moisture-induced crystallization results collected herein and crystallization data gathered 
isothermally2, as this would allow for the time to crystallization under different relative humidity 
conditions and at different temperatures to be directly compared.   
                                                 
2 See Kedward et al. (2000, 1998) and Roos and Karel (1991) for examples of isothermal crystallization 




Moisture sorption behavior using saturated salt slurries 
 As discussed in the Materials and Methods section, the moisture sorption behavior of 
MeltQ was studied by storing samples at 25°C in Lock & Lock boxes containing saturated salt 
slurries of various relative humidity values, as preliminary DVS experiments demonstrated that 
MeltQ remained amorphous under all %RH conditions employed, even when held at elevated 
%RHs for up to 6 days (Figure D.1). The moisture sorption profiles of MeltQ are given in Figure 
6.6, with corresponding pictures of the samples taken over time provided in Figure 6.7. MeltQ 
samples stored at 11 and 22%RH sorbed a very small amount of moisture over the first few 
weeks of testing, then leveled off around 0.3% and 0.6% db, respectively, for the duration of the 
study (Figure 6.6b). As shown in Figure 6.7, the slight increase in sample moisture content did 
not result in any noticeable changes in sample appearance, as they maintained their defined 
shape and translucency throughout the six month-long experimental time frame. When stored at 
33%RH, MeltQ samples increased in moisture content over a longer period of time than samples 
held at 11 and 22%RH and reached a substantially higher equilibrium moisture content of 
approximately 2% db (Figure 6.6b). As a result, minor changes were observed in the appearance 
of MeltQ samples stored at 33%RH over time, particularly towards the end of the study, when 
the sample surface became visibly shinier (Figure 6.7).   
 Compared to samples held at 11, 22, and 33%RH, MeltQ samples stored at 43%RH 
sorbed moisture at a substantially faster rate, leveling off at a moisture content of 4.7% db 
between weeks 8 and 16, and finally decreasing slightly in moisture content after 20 weeks 
(Figure 6.6b). The water absorption-release behavior exhibited by MeltQ samples exposed to 
43%RH, along with clear visual differences in the samples over the course of the experiment 




MeltQ under these conditions. Thermal data collected after 12 and 24 weeks of storage at 
43%RH confirmed that MeltQ partially recrystallized (Figure 6.9), which will be discussed in 
further detail in the next section.  
  Unlike the moisture sorption profile of MeltQ samples held at 43%RH, the water 
absorption-release feature characteristic of moisture-induced crystallization was clearly evident 
in the profile of MeltQ stored at 53%RH (Figure 6.6b). However, it is interesting to note that the 
decrease in MeltQ moisture content upon recrystallization is relatively small compared to that 
observed for FreD, SprayD, BallM, and SpinMeltQ under similar temperature and relative 
humidity conditions (approximately 0.9% db for MeltQ versus 2 to 8% db for FreD, SprayD, 
BallM, and SpinMeltQ). The smaller amount of moisture released during the crystallization of 
MeltQ samples may be due to the formation of a case-hardened surface layer of crystals, which 
prevented any additional moisture that had already penetrated further into the MeltQ sample 
prior to surface crystallization from escaping (Liang et al., 2007). This explanation seems 
plausible given that when small sections of MeltQ samples stored at 53%RH were sliced off for 
DSC analysis, they were observed to consist of a viscous interior surrounded by a hard, grainy 
exterior shell. 
 At 64, 75, and 84%RH, MeltQ samples exhibited a rapid increase in moisture content 
within the first week of testing, then decreased in moisture content to some extent over the next 
few weeks before steadily increasing in moisture content throughout the duration of the 
experiment (Figure 6.6a). The second increase in moisture content observed in MeltQ samples is 
unusual, as sample moisture content following crystallization-induced loss of moisture typically 
levels off at an equilibrium value, since non-hydrate forming crystalline materials, such as 




Taylor, 2010). As previously mentioned, RH0 of crystalline sucrose at 25°C is 85.7%RH, which 
is evidently higher than the 64, 75, and 84%RH conditions at which these observations were 
made (Yao et al., 2011). One possible explanation for the secondary increase in moisture content 
is that the remaining amorphous portion of the sample, indicated by the presence of a glass 
transition in the DSC data collected for MeltQ samples after 12 weeks of storage at 64%RH 
(Figure 6.9a), continued to absorb moisture. A second possible explanation for the atypical 
moisture sorption behavior of MeltQ samples held at 64, 75, and 84%RH is that the 
deliquescence relative humidity of the recrystallized material was lowered due to the 
incorporation of some of the thermal decomposition compounds present in MeltQ (e.g., glucose, 
fructose) (Table 3.4) into the sucrose crystalline lattice structure. Deliquescence lowering is a 
well-known phenomenon that occurs when two or more deliquescent solids are in contact with 
one another, and has been studied for a number of combinations of materials, including sucrose, 
glucose, and fructose. Specifically, it has been shown that binary mixtures of crystalline 
sucrose:fructose and crystalline sucrose:glucose exhibit deliquescence points, RH0mix, at 25°C of 
53 and 78%RH, respectively, which are significantly lower than RH0 of crystalline sucrose 
alone. A ternary mixture of crystalline sucrose:glucose:fructose exhibits an even lower RH0mix of 
52%RH (Mauer and Taylor, 2010). Thus, at regions within the recrystallized material where 
sucrose and thermal decomposition compounds are in direct contact, deliquescence lowering 
could potentially occur. The pseudo-moisture sorption isotherm for MeltQ, constructed by 
plotting the maximum equilibrium moisture content achieved by the MeltQ samples at each 
relative humidity condition after 24 weeks of storage versus water activity (%RH ÷ 100%), 
supports the idea of deliquescence lowering due to sucrose co-crystallizing with thermal 




to be approximately 54.9%RH (Figure 6.8). Furthermore, the idea that sucrose co-crystallized 
with thermal decomposition compounds under these %RH conditions (64, 75, and 84%RH) 
seems reasonable based on the DSC curve discussed above (Figure 6.9a), which showed that 
MeltQ exhibited a broad endothermic peak whose onset temperature was considerably lower 
than that reported in the literature for analytical grade crystalline sucrose (Lee et al., 2011; Lu et 
al., 2017a). These results agree well with previous studies investigating the thermal behavior of 
sucrose co-crystallized with glucose and fructose, which observed that the endothermic peak 
associated with loss of crystalline structure became broader and decreased in onset and peak 
temperature with increasing amounts of glucose and fructose (Bhandari and Hartel, 2002; Geary, 
2008). Unfortunately, thermal data was not collected for MeltQ samples exposed to 75 and 
84%RH because these samples had already formed a solution by 12 weeks of storage (Figure 
6.7). However, images taken of the MeltQ samples held at 75%RH after 4, 8, and 12 weeks 
suggest that some recrystallization occurred, as it appears that there is some opaque, possibly 
crystalline, material suspended in the solution (Figure 6.7).  
Thermal behavior of resultant crystals  
 DSC curves of sucrose recrystallized from FreD, SprayD, BallM, and SpinMeltQ at 
different %RH values indicate that these samples generally exhibited two endothermic peaks, 
with the exception of FreD, SprayD, and BallM samples recrystallized at 30%RH, which also 
displayed a small glass transition immediately followed by an exothermic cold crystallization 
peak (Figure 6.10). The presence of a glass transition and exothermic cold crystallization peak 
suggests that these samples did not completely recrystallize during the 9000-minute experimental 
timeframe; this finding is not surprising for FreD and SprayD based on their moisture sorption 




experiment and, thus, were likely still in the process of recrystallizing (Figure 6.5). In addition, 
BallM samples recrystallized at 40 and 80%RH only displayed one endothermic peak. The 
presence of two endothermic peaks has been previously observed by Lu et al. (2017b) for 
sucrose crystals obtained via crystallization from a supersaturated solution, and was associated 
with thermal decomposition of mother liquor occlusion defects entrapped within the sucrose 
crystals. The composition and chemistry of these mother liquor occlusions were found to be 
instrumental in determining the thermal behavior of the crystalline sucrose, and any factors that 
affected this composition and chemistry altered the presence, onset temperature, and magnitude 
of the first endothermic peak. Although sucrose recrystallized from FreD, SprayD, BallM, and 
SpinMeltQ were obtained under different recrystallization conditions from those reported by Lu 
et al. (2017b), the appearance of two endothermic peaks in the DSC curves suggests that 
moisture-induced crystallization also results in the formation of saturated sucrose pockets 
entrapped within the crystals. However, additional research is recommended to verify the 
presence of occlusion defects in crystals formed via moisture-induced crystallization.  
Although sucrose recrystallized from FreD, SprayD, BallM, and SpinMeltQ generally 
exhibited two endothermic peaks, the melting onset temperature (Tm onset) and ΔHm values at a 
given %RH condition varied as a function of amorphization method, with BallM and SpinMeltQ 
samples exhibiting lower Tm onset and ΔHm values than FreD and SprayD (Table 6.6). As 
illustrated in Figure 6.11, crystals with defects have a higher enthalpy (H) and Gibbs free energy 
(G) than “perfect” crystals and, consequently, a lower melting point. In addition, the increase in 
enthalpy of a crystalline material with defects results in a smaller difference between the 
enthalpies of the amorphous and crystalline phases, thus decreasing the heat of fusion (ΔH) 




ΔHm values indicate that, in addition to the mother liquor occlusion defects, sucrose crystals 
produced from BallM and SpinMeltQ contained more defects than those generated from SprayD 
and FreD, likely due to the presence of thermal decomposition compounds in “as is” BallM and 
SpinMeltQ samples (Table 3.4). Interestingly, no clear trends were observed in the thermal 
behavior of sucrose recrystallized at different %RH conditions for a specific amorphization 
method, as the general shape and Tm onset values remained fairly consistent across the different 
%RH conditions employed to generate the resultant crystals (Figure D.2-D.5). This finding is 
somewhat surprising given the influence of %RH condition on the shape of the moisture sorption 
profiles of these samples (Figure 6.5). Thus, it appears that initial amorphous sucrose sample 
type (i.e., FreD, SprayD, BallM, SpinMeltQ) had a greater impact on the thermal behavior of the 
resultant crystalline material than the %RH condition at which recrystallization was 
induced. Given the limited amount of research on the thermal behavior of crystals formed via 
moisture-induced crystallization, additional studies utilizing complementary analytical 
techniques are needed.  
 DSC curves for MeltQ samples exposed to various %RH conditions were also obtained 
and are presented in Figure 6.9. After 12 weeks of storage, MeltQ samples held at 43, 53, and 
64%RH remained partially amorphous, as indicated by the presence of a distinct glass transition 
whose onset temperature (Tg onset) decreased with increasing %RH condition (Table 6.7). The 
observed decrease in Tg onset is likely due to the higher amount of moisture available for 
absorption at higher %RH values, which resulted in a higher degree of plasticization of MeltQ 
samples. In addition to the glass transition below 0°C, there appears to be a much smaller, 
secondary glass transition in these samples between 40 and 60°C (inset of Figure 6.9a). A second 




and 33%RH for 12 weeks (Figure 6.12) indicated the formation of two separate glass transitions 
with increasing storage %RH. The presence of two glass transitions in MeltQ samples exposed to 
43, 53, and 64%RH is further supported by results published by Liang et al. (2007) and 
Nowakowski et al. (2015) who, using Fourier Transform Near Infrared (FT-NIR) spectroscopy 
combined with hyperspectral imaging, observed that the moisture content within primarily 
sucrose-based carbohydrate glasses became stratified into three distinct regions over time: a low 
moisture content region associated with the amorphous solid (glassy) phase that was located 
furthest away from the surface exposed to the saturated salt solution, a high moisture content 
front, and a medium moisture content region after the moisture front that was partially 
crystalline. The authors attributed these findings to the high viscosity of the glassy matrix acting 
as an opposing force to moisture sorption. Although the DSC curves collected herein and FT-
NIR results from Liang et al. (2007) and Nowakowski et al. (2015) provide strong evidence that 
two glass transitions are present in the thermal data for MeltQ stored at 43, 53, and 64%RH for 
12 weeks, it is difficult to accurately analyze this thermal event due to the baseline following the 
transition continuously decreasing. Thus, modulated differential scanning calorimetry (MDSC) is 
suggested to confirm if the observed thermal event is a secondary Tg.  
 MeltQ samples held at 43, 53, and 64%RH also exhibited a broad endothermic peak 
(Figure 6.9a). As previously discussed, the low Tm onset and small ΔHm values associated with this 
peak suggest the formation of poor quality, defect-ridden crystals. This is likely due to the wide 
variety of sucrose thermal decomposition compounds present in MeltQ (Table 3.4), which are 
randomly dispersed among the remaining intact sucrose molecules and interfere with their ability 




 After 24 weeks of storage, only MeltQ samples held at 43 and 53%RH were able to be 
analyzed via DSC, as samples exposed to 64%RH had formed a solution (Figure 6.7). Similar to 
the DSC curves of MeltQ samples after 12 weeks of storage, MeltQ samples held at 43 and 
53%RH for 24 weeks exhibited a primary glass transition below 0°C, an apparent secondary 
glass transition around 40 to 60°C, and a broad endothermic peak (Figure 6.9b). However, the 
onset temperature of the endothermic peak in these samples was approximately 10°C higher 
(Table 6.7), suggesting that crystal perfection may have occurred during the additional storage 
time. The primary glass transition in MeltQ samples held at 43%RH also shifted to slightly 
higher temperatures after the additional storage time, which could indicate that moisture had 
migrated further into the MeltQ sample, however, no corresponding shift in the apparent 
secondary glass transition to lower temperatures was observed. Overall, the DSC results for 
MeltQ stored at 43 and 53%RH showed that although these samples exhibited the characteristic 
moisture absorption-release behavior associated with moisture-induced crystallization, this 
process was not completed in samples even after 24 weeks of storage.            
6.5 Conclusions  
The moisture-induced crystallization behavior of differently amorphized sucrose was 
investigated over a wide range of relative humidity conditions using a Dynamic Vapor Sorption 
instrument and saturated salt slurries in Lock & Lock boxes. For amorphous sucrose samples 
studied using DVS (i.e., FreD, SprayD, BallM, and SpinMeltQ), the minimum %RH necessary 
for moisture-induced crystallization was determined to be 30%RH for FreD, SprayD, and BallM, 
and 40%RH for SpinMeltQ, under the conditions studied herein. In general, BallM exhibited the 
shortest crystallization onset times and lowest maximum equilibrium moisture contents 




crystallization onset times. These general differences were attributed to unique physicochemical 
characteristics (e.g., significant % crystalline content in BallM, thermal decomposition 
compounds in SpinMeltQ) resulting from inherent differences in amorphization route (e.g., 
disruption of the crystalline lattice versus supercooling of the melt). In addition, although FreD 
and SprayD were both prepared via solution-based amorphization methods, they too exhibited 
dissimilarities in their moisture-induced crystallization behavior; namely, FreD sorbed higher 
amounts of moisture than SprayD, while SprayD underwent moisture-induced crystallization 
sooner than FreD. MeltQ exhibited the lowest propensity to moisture-induced crystallization of 
all the differently amorphized sucrose samples, as evidenced by the fact that samples held at 43 
and 53%RH only partially recrystallized after 24 weeks of storage. Interestingly, under both 
moisture and heat conditions, FreD, SprayD, BallM, MeltQ, and SpinMeltQ followed the same 
general order in terms of their tendency to crystallize, with BallM having the highest tendency to 
crystallize followed by SprayD, FreD, SpinMeltQ, and finally MeltQ. This finding suggests a 
potential relationship between the cold crystallization and moisture-induced crystallization 
behaviors of differently amorphized sucrose; however, it would be more appropriate to compare 
the moisture-induced crystallization results gathered herein to isothermal crystallization data, as 
this would allow for a direct comparison of the time to crystallization under different relative 
humidity conditions and at different temperatures.  
Sucrose recrystallized from FreD, SprayD, BallM, and SpinMeltQ at different %RH 
values generally exhibited two endothermic peaks, which was associated with the occurrence of 
thermal decomposition within saturated sucrose pockets resembling mother liquor occlusions. 
However, Tm onset and ΔHm values at a given %RH condition varied as a function of 




and ΔHm values than FreD and SprayD. The lower Tm onset and ΔHm values for BallM and 
SpinMeltQ samples were attributed to the presence of defects in addition to mother liquor 
occlusions, likely due to thermal decomposition compounds in “as is” BallM and SpinMeltQ 
samples. In contrast, MeltQ samples held at various %RH values for extended storage times were 
only partially crystalline, exhibiting a primary glass transition below 0°C, an apparent secondary 
glass transition around 40 to 60°C, and a broad endothermic peak. Since little research has been 
done on the thermal behavior of crystals obtained via moisture-induced crystallization, future 
studies using complementary analytical techniques, such as powder X-ray diffraction, micro 
computed tomography (micro-CT), and molecular vibrational spectroscopy (e.g., IR and 





6.6 Figures and Tables 
 
Figure 6.1: Differential scanning calorimetry (DSC) thermograms of the sucrose crystallized at 
30°C/53% RH (a). Thermograms of the sucrose crystallized in the same way but at 40°C (b), 
50°C (c), or 60°C (d). The crystalline sucrose obtained at 30°C/53%RH was subsequently 
annealed at 25°C for 4 months (e), followed by annealing at 120°C for 1 hour (f) or 3 hours (g). 






Figure 6.2: Example raw DVS sorption curve obtained by holding an amorphous sample at a 
constant relative humidity and temperature over time. The sorption curve shows an initial 
increase in sample mass due to water vapor sorption, followed by a steady decrease in sample 
mass due to the onset of moisture-induced crystallization (labeled in the graph). After a period of 
time, the curve levels out, which signifies the end of moisture-induced crystallization. The time 
associated with the end of the moisture-induced crystallization event was used to calculate 
appropriate holding times at each relative humidity condition that would allow all of the 






Figure 6.3: Example raw DVS sorption curve (black) and resultant derivative of mass versus 
time plot (red), showing how the moisture-induced crystallization onset time, tonset, corresponds 







Figure 6.4: Lock & Lock box desiccator set-up, showing the saturated salt slurry on the bottom 
and the pressure guards (three-legged pizza saver tables), which act to raise the plastic weigh 







Figure 6.5: Representative moisture sorption profiles of FreD, SprayD, BallM, and SpinMeltQ obtained using DVS instruments at 


















Figure 6.6: Moisture content of MeltQ stored in Lock & Lock boxes over saturated salt slurries 
of varying relative humidities (11 to 84%RH) at 25°C as a function of time, where a) moisture 





















































Figure 6.7: Representative images of MeltQ stored from 11 to 84%RH at 25°C. Note: the poor image quality of MeltQ samples after 











Figure 6.8: Pseudo-moisture sorption isotherm of MeltQ at 25°C obtained after 24 weeks of 






























Figure 6.9: DSC curves of MeltQ exposed to a) 43, 53, and 64%RH after 12 weeks of storage 






Figure 6.10: DSC curves of FreD, SprayD, BallM, and SpinMeltQ recrystallized at 25°C and a) 
30%RH, b) 40%RH, c) 50%RH, d) 60%RH, e) 70%RH, and f) 80%RH. The “|” designates the 
onset temperature for sample melting, Tm onset. Note: the DSC curves in Figure 6.10a are 
presented on a different temperature scale that the others due to the presence of a glass transition 



















Figure 6.11: Schematic illustration of the temperature dependence of the enthalpy (H, J/g) and 
Gibbs free energy (G) of amorphous and crystalline materials with or without defects. At 
equilibrium, thermodynamic melting occurs when the Gibbs free energies of the crystalline and 
amorphous phases are the same (i.e., ΔG = 0), which corresponds to the intersection of the 
crystalline and amorphous lines circled in green. Defects increase the enthalpy of a crystalline 
material (top figure), which results in an increase in Gibbs free energy since G = H-TS (where T 
= temperature and S = entropy). Consequently, crystalline materials with defects have a lower 
thermodynamic melting temperature (Tmd) than those free from defects (Tm) because the point at 
which the Gibbs free energies of the crystalline and amorphous phases intersects occurs at a 
lower temperature. Additionally, the increase in enthalpy of a crystalline material with defects 
results in a smaller difference between the enthalpies of the amorphous and crystalline phases 







Figure 6.12: DSC curves of “as is” MeltQ and MeltQ after 12 weeks of storage at 11, 22, and 









Table 6.1: Factors affecting the sorption properties of amorphous sugars illustrated using 
example research studies from the literature (expanded upon from Yu et al., 2008).  
Factors Materials studied Experimental conditions Reference 
Relative humidity 
Sucrose 
%RH: 4.6 to 33.6 (25°C) Makower and Dye (1956) 
%RH: 30.0, 32.5 (24°C) Palmer et al. (1956) 
%RH: 20 to 44 (20°C) Mathlouthi (1973) 
%RH: 32.8 to 68.9 
(23°C) 
Van Scoik and 
Carstensen (1990) 
%RH: 7.6 to 32.5 (30°C) Saleki-Gerhardt et al. (1994) 
%RH: 22 to 84 (23°C) Elamin et al. (1995) 
%RH: 0.5 to 75 (23°C) Labuza and Labuza  (2004) 
%RH: 23, 33, 54 (25°C) Roe and Labuza (2005) 
%RH: 10 to 90 (25°C) Yu et al. (2008) 
%RH: 0 to 43 (23°C) Heljo et al. (2012) 
Lactose 
%RH: 33 to 76.4 (24°C) Jouppila and Roos (1994) 
%RH: 22 to 84 (23°C) Elamin et al. (1995) 
%RH: 44 to 76 (23°C) Miao and Roos (2005) 
%RH: 48 to 60 (25°C) Burnett et al. (2006) 
Trehalose 
%RH: 0 to 90 (25°C) Hunter et al. (2010) 
%RH: 0 to 43 (23°C) Heljo et al. (2012) 
Temperature Sucrose 
35 and 47°C Iglesias et al. (1975) 
23, 25, 28.5, 31.5, 35, 
40°C 
Van Scoik and 
Carstensen (1990) 
10, 21, 35°C Elamin et al. (1995) 
5, 30, 50°C Hancock and Dalton (1999) 
Approximately 20 and 
40°C 
Langrish and Wang, 
(2009); Wang and 
Langrish (2007) 







Table 6.1 (cont.) 
Factors Materials studied Experimental conditions Reference 
Temperature Lactose 
10, 21, 35°C Elamin et al. (1995) 
5, 30, 50°C Hancock and Dalton (1999) 
12, 20, 30, 38°C Bronlund and Paterson (2004) 










Lactose, trehalose Spray-dried compared with freeze-dried 











with freeze-dried and 
dehydrated 




Ranged from 0% to 
100% 
Saleki-Gerhardt et al. 
(1994); Saleki-
Gerhardt and Zografi, 
(1994) 
29 and 80% Yu et al. (2008) 
Lactose Ranged from 0.05% to 0.5% 





guar gum, garrofin gum, 
sodium alginate, and 
microcrystalline 
cellulose 





lactose, corn syrup, 
dextrin 
Van Scoik and 
Carstensen (1990) 
Polyvinylpyrrolidone Zeng et al. (2001) 




Table 6.2: Initial water activity (aw) for each batch of “as is” FreD, SprayD, BallM, and 
SpinMeltQ, which was determined from the average of triplicate measurements performed at 
25°C using an AquaLab Series 4TE DUO instrument (Decagon Devices, Inc., Pullman, WA) 
(additional details are provided in Chapter 3). For each batch of amorphous sucrose, the 
equivalent relative humidity value (aw • 100%) was used as the initial %RH condition in the DVS 
protocol to help stabilize the sample and balance before ramping to the experimental %RH. 
Water activity values are not reported for MeltQ because moisture sorption experiments were 
conducted using saturated salt slurries in Lock & Lock boxes, but can be found for reference in 
Table 3.3.  

















Table 6.3: Initial % wet basis (wb) moisture content (via Karl Fischer (KF) titration) for each 
batch of “as is” FreD, SprayD, BallM, MeltQ, and SpinMeltQ, which was determined from the 
average of duplicate measurements performed by DonLevy Laboratories (Crown Point, IN) 
(additional details are provided in Chapter 3). 
Sample Batch KF Moisture Content (%wb) 
FreD 
1 2.34 ± 0.00 
2 1.95 ± 0.01 
SprayD 
1 3.47 ± 0.06 
2 2.85 ± 0.07 
BallM 
1 0.97 ± 0.03 
2 1.04 ± 0.08 
MeltQ 
1 0.15 ± 0.05 
2 0.13 ± 0.03 
SpinMeltQ 
1 0.58 ± 0.01 





Table 6.4: Literature equilibrium relative humidity values for saturated salt slurries at 25°C used 
to determine the moisture-induced crystallization behavior of MeltQ.  
Salt %RH 
LiCl 11.30 ± 0.271 
CH3COOK 22.51 ± 0.321 
MgCl2 32.78 ± 0.161 
K2CO3 43.16 ± 0.391  
Mg(NO3)2 52.89 ± 0.221 
NaNO2 64.42 
NaCl 75.29 ± 0.121 
KCl 84.34 ±0.261 








Table 6.5: Moisture-induced crystallization results obtained at 25°C using DVS instruments for FreD, SprayD, BallM, and SpinMeltQ 
(where - = no moisture-induced crystallization observed, C = moisture-induced crystallization observed, S = solution formed). 
Average moisture-induced crystallization onset times (in minutes) and maximum equilibrium moisture content (% dry basis, db) at 
each relative humidity condition are included for comparison. Standard deviation values are provided in Table D.1.   
Sample 10%RH 20%RH 30%RH 40%RH 50%RH 60%RH 70%RH 80%RH 90%RH 
FreD - - 
C C C C C C 
S 4001 min 249 min 61 min 65 min 43 min 63 min 
5.14% 7.42% 8.99% 11.93% 13.61% 19.19% 
SprayD - - 
C C C C C C 
S 1342 min 90 min 24 min 18 min 14 min 14 min 
4.90% 7.02% 7.69% 8.50% 8.67% 9.20% 
BallM - - 
C C C C C C 
S 46 min 12 min 7 min 7 min 8 min 201 min 
2.76% 3.32% 2.80% 2.71% 3.04% 6.64% 
SpinMeltQ - - - 
C C C C C 
S 789 min 127 min 64 min 52 min 88 min 








Table 6.6: Thermal behavior (Tm onset of initial peak and ΔHm total) of sucrose recrystallized from FreD, SprayD, BallM, and SpinMeltQ 
at 25°C and various relative humidity values using DVS instruments (where - = no moisture-induced crystallization observed and 
therefore no thermal data was collected). Thermal data was obtained from DSC curves presented in Figure 6.10.    
Sample 

















































































































     *As indicated in Figure 6.10a, FreD, SprayD, and BallM samples recrystallized at 30%RH also exhibited a small glass transition and 
subsequent exothermic cold crystallization peak. However, the DSC parameters associated with those thermal events are not given herein, as 
they were not the focus of this research.  
     **Considerable variability was observed in the thermal behavior of sucrose recrystallized from BallM at 30%RH, which is somewhat 









Table 6.7: Parameters associated with the initial glass transition (Tg onset, Tg midpoint, Tg endpoint, ΔCp) and melting peak (Tm onset and ΔHm) 
of MeltQ exposed to 43 and 53%RH after 12 and 24 weeks of storage, and 64%RH after 12 weeks of storage. As explained in the 
Results and Discussion section, the thermal behavior of MeltQ samples exposed to 64%RH was not collected because these samples 
had formed a solution.   
Storage 
%RH 
After 12 weeks After 24 weeks 
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Chapter 7: Conclusions 
 
 
7.1 Research summary 
 This research represents the first attempt to comprehensively characterize and directly 
compare the physicochemical properties and heat- and moisture-induced crystallization 
behaviors of a wide range of differently amorphized sucrose, beyond those most commonly 
explored to date (i.e., freeze-dried and melt-quenched amorphous sucrose). Key conclusions 
from research presented in Chapter 3 include the general finding that freeze-dried (FreD), spray-
dried (SprayD), ball milled (BallM), melt-quenched (MeltQ), and spin-melt-quenched 
(SpinMeltQ) amorphous sucrose significantly differed in the majority of physicochemical 
properties studied, including morphology, local structure, moisture content, chemical 
composition, and thermal behavior. Overall, FreD and SprayD were most similar to one another 
in terms of their physicochemical properties, characterized by a higher moisture content, lower 
glass transition temperature, and lack of thermal decomposition indicator compounds. MeltQ and 
SpinMeltQ exhibited the opposite trends in physicochemical characteristics, displaying a lower 
moisture content, higher glass transition temperature, and the presence of thermal decomposition 
indicator compounds. These general differences were ascribed to dissimilarities in the 
amorphization methods used to produce the amorphous sucrose samples (e.g., solution-based 
versus melt-based amorphization route). In most of the physicochemical attributes studied 
herein, BallM fell between amorphous sucrose prepared via solution and melt-based 
amorphization methods, exhibiting an intermediary moisture content and glass transition 
temperature, and containing small, but significant, quantities of thermal decomposition indicator 
compounds. Additionally, BallM was the only amorphous sucrose sample found to consist of a 




amorphous sucrose upon milling. The observation that FreD, SprayD, BallM, and SpinMeltQ 
exhibited an exothermic cold crystallization peak upon heating, but MeltQ did not, represents 
another key finding from this chapter, which led to an investigation of sucrose thermal 
decomposition as a critical determinant affecting the cold crystallization behavior of MeltQ 
(Chapter 4). To achieve this objective, the physicochemical characteristics and thermal behavior 
of freeze-dried melt-quenched amorphous sucrose (FreD-MeltQ) were compared to those of 
MeltQ and FreD. Despite similarities to FreD in morphology, % amorphous/crystalline content, 
moisture content, and glass transition temperature, FreD-MeltQ did not cold crystallize upon 
heating. However, the combined powder X-ray diffraction (PXRD) and pair distribution function 
(PDF) findings suggested that local structure played an important role in cold crystallization 
behavior, as MeltQ and FreD-MeltQ had a more similar local structure to one another than to 
FreD. Based on chromatographic analyses of FreD, MeltQ, and FreD-MeltQ, the underlying 
cause of these structural differences appeared to be related to the presence of thermal 
decomposition compounds, as similar amounts of thermal decomposition indicator compounds 
were measured in both MeltQ and FreD-MeltQ, but not in FreD. Thus, thermal decomposition 
was asserted to be an additional factor that contributes to the lack of cold crystallization of 
MeltQ. 
 Given the variety of explanations provided in the literature and proposed in this 
dissertation work for the lack of cold crystallization of MeltQ (i.e., absence of heterogeneous 
nuclei, lower sample moisture content, structural dissimilarity to the crystalline state, and 
thermal decomposition), an in-depth exploration of the relative influence of these factors on the 
cold crystallization behavior of MeltQ was conducted (Chapter 5). While select conditions, 




induced cold crystallization in MeltQ, the average cold crystallization onset temperature was 
substantially higher and average enthalpy noticeably smaller than values measured for FreD. The 
observed increase in cold crystallization onset temperature and decrease in enthalpy were 
attributed to thermal decomposition reducing the effectiveness of the conditions employed to 
induce cold crystallization, since thermal decomposition indicator compounds were detected in 
the MeltQ substrate upon which attempts to induce cold crystallization were made. Because 
thermal decomposition compounds are inherently present in MeltQ, it was difficult conclude 
with certainty an appropriate ranking of these factors in terms of their influence on the cold 
crystallization behavior of MeltQ. 
Comparison of the moisture sorption profiles of FreD, SprayD, BallM, and SpinMeltQ at 
25°C and various relative humidity conditions using a Dynamic Vapor Sorption instrument 
(Chapter 6) revealed that although these amorphous sucrose samples generally exhibited 
moisture-induced crystallization over the same range of relative humidity values, their 
crystallization onset times differed. Specifically, BallM exhibited the shortest crystallization 
onset times, whereas SpinMeltQ exhibited the longest. However, relative to the other amorphous 
sucrose samples, MeltQ exhibited the least inclination to moisture-induced crystallization, as 
samples held in miniature desiccators over saturated salt slurries of 43 and 53%RH only partially 
recrystallized after 24 weeks of storage. Interestingly, under both moisture and heat conditions, 
BallM demonstrated the greatest tendency to crystallize followed by SprayD, FreD, SpinMeltQ, 
and MeltQ, suggesting that the factors that influence the cold crystallization and moisture-
induced crystallization behaviors of differently amorphized sucrose may be the same. The final 
contribution of this research was an exploration of the thermal behavior of sucrose produced via 




from FreD, SprayD, BallM, and SpinMeltQ at different %RH values generally exhibited two 
endothermic peaks. However, for a given %RH condition, BallM and SpinMeltQ samples 
typically had lower Tm onset and ΔHm values than FreD and SprayD, indicating that the crystals 
formed from BallM and SpinMeltQ samples contained more defects than those generated from 
FreD and SprayD. In contrast, MeltQ remained semi-amorphous after extended storage at 43, 53, 
and 64%RH, as indicated by the presence of two glass transitions and a broad endothermic peak. 
These findings indicate that even the resultant crystalline material formed is highly dependent on 
the initial amorphous sucrose sample type.  
7.2 Future work 
While this work constitutes the most extensive characterization of differently amorphized 
sucrose to date, additional characterization data would be beneficial to provide further insights 
into the heat- and moisture-induced crystallization results. Specifically, future studies should 
focus on identifying and quantifying additional thermal decomposition compounds beyond the 
four indicator compounds targeted herein, as this would allow for more accurate modeling via 
molecular dynamics simulations of the effects of thermal decomposition compounds on the local 
structure of MeltQ, as well as other amorphous sucrose materials containing thermal 
decomposition compounds. Additionally, further characterization of the surface and internal 
properties of “as is” FreD, SprayD, BallM, MeltQ, and SpinMeltQ, such as surface area and 
topography, surface energy, degree of case hardening, and porosity, would help to better 
understand the observed dissimilarities in the moisture sorption profiles of these differently 
amorphized sucrose materials. Spectroscopic techniques, such as Near-IR and Raman 




this research to enhance the understanding of how water vapor interacts with different 
amorphized sucrose in real time.  
In Chapters 3 and 4, efforts to accurately quantify the % amorphous content of FreD, 
SprayD, BallM, MeltQ, and SpinMeltQ via standard and modulated differential scanning 
calorimetry revealed a marked inconsistency in the ∆Cp values reported in the literature 
(Appendix A) and observed herein for 100% amorphous sucrose; namely, the ∆Cp values for 
100% amorphous sucrose appeared to fall into two distinct ranges of values, one around 0.55 
J/(g°C) and the other closer to 0.75 J/(g°C). Since the % amorphous content of a material is 
calculated by dividing its ΔCp measured upon heating by a reference ΔCp for the 100% 
amorphous form of the material, the wide variation in ∆Cp values for 100% amorphous sucrose 
would make it difficult for any future researchers to select an appropriate ∆Cp reference value for 
% amorphous content determination. In this dissertation work, the problem of selecting a suitable 
ΔCp value for 100% amorphous sucrose was solved by developing a new differential scanning 
calorimetry protocol wherein samples were heated, quench-cooled, and reheated to form, in situ, 
a 100% amorphous structure that could be used as a unique internal standard for determination of 
the amount of amorphous structure in the original, “as is” sample. However, this protocol 
requires additional instrument time, which, in some cases, may be unnecessary if only a rough 
estimate of % amorphous content is required. Thus, the observed variation in the ΔCp for 100% 
amorphous sucrose needs to be addressed. 
Another particularly interesting finding from this research was that under both moisture 
and heat conditions, differently amorphized sucrose samples followed the same general order in 
terms of their tendency to crystallize, with BallM having the highest tendency to crystallize 




possible connection between the cold crystallization and moisture-induced crystallization 
behaviors of differently amorphized sucrose, it would be more appropriate to compare the 
moisture-induced crystallization results collected herein to crystallization data obtained 
isothermally, as this would allow for the time to crystallization under different relative humidity 
conditions and at different temperatures to be directly compared.   
As detailed in Chapter 6, the moisture sorption profiles of differently amorphized sucrose 
were collected at 25°C under constant %RH conditions. Since amorphous sucrose-based food 
and pharmaceutical products are likely to experience fluctuations in temperature and relative 
humidity during transportation, storage, and use (e.g., opening and closing of packaging), data is 
needed to understand the effect of temperature and relative humidity cycling on the moisture 
sorption behavior of FreD, SprayD, BallM, MeltQ, and SpinMeltQ. 
 Finally, the exploration of the thermal behavior of sucrose recrystallized under different 
relative humidity conditions from amorphous sucrose prepared by freeze-drying, spray-drying, 
ball milling, melt-quenching, and spin-melt-quenching represents another contribution of this 
work. Based on previous findings reported by Lu et al. (2017b), the presence of two endothermic 
peaks in the DSC curves of sucrose recrystallized from FreD, SprayD, BallM, and SpinMeltQ 
was attributed to thermal decomposition within saturated sucrose pockets resembling mother 
liquor occlusions. However, additional research, such as DSC analysis of annealed (Lu et al., 
2017a) and ground (Lu et al., 2017b) samples, is needed to verify the presence of these occlusion 
defects in crystals formed via moisture-induced crystallization. Additionally, complementary 
characterization techniques, such as powder X-ray diffraction, micro computed tomography 




insights into the observed thermal behavior of sucrose crystals generated from moisture-induced 
crystallization. 
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Appendix A: Thermal data reported in the literature for differently amorphized sucrose  
 
 
Table A.1: Summary of thermal parameters (i.e., glass transition temperature (Tg), change in specific heat capacity associated with the 
glass transition (∆Cp), cold crystallization temperature (Tc), and melting temperature (Tm)) reported in the literature for amorphous 
sucrose prepared by different methodsa (where NP = not present; NR= not reported). Unless specified, all data was collected using 

















a 0.6a NR NR 10 Sucrose heated to 210ºC before quenching Vanhal and Blond (1999) 
 60.0 (onset) NR NP NP NR Sucrose melted at 186-190ºC; using DTA 
Mathlouthi (1995); Mathlouthi et al. 
(1986) 
 60 (onset)a NR NP NP 10 Sucrose heated to 200ºC before quenching Liu and others (2008) 
 60 (onset)a NR NP NP 10 Sucrose heated to 200ºC before quenching Kinugawa et al. (2015) 
 63 (onset)a NR NP NP 10 Sucrose heated to 200ºC before quenching Blond and others (1997) 
 66 (mid)a 0.6a NR NR 10 Sucrose heated to 200ºC before quenching Vanhal and Blond (1999) 
 67 (mid) 0.60 NR NR 5  Roos (1993) 
 67.0 (mid) NR NP NP 10 Sucrose heated to 200ºC before quenching te Booy et al. (1992) 
 68.3 (mid) 0.70 NR NP 25 Sucrose heated to 206°C before quenching Lee et al. (2011) 
 69.8 (mid) 0.72 NR NP 10 Sucrose heated to 196ºC before quenching Lee et al. (2011)  
 70.0 (mid) 0.77 NP NP NR Sucrose heated to 167ºC before quenching Orford et al. (1990) 
 70 (mid)a 0.6a NR NR 10 Sucrose heated to 195ºC before quenching Vanhal and Blond (1999) 
 70.0 (mid) NR NR NR 10 Sucrose heated to 205ºC before quenching Jiang et al. (2008b) 




















Freeze-drying 28.0 (onset) NR 64.0 (peak) NR 1 aw = 0.225, using micro-DSC Raemy et al. (1993)
 
 39.5 (onset) NR 73.0 (peak) NR 1 aw = 0.176, using micro-DSC Raemy et al. (1993)
 
 49.0 (onset) NR 81.0 (peak) NR 1 aw = 0.112, using micro-DSC Raemy et al. (1993)
 
 49 (onset)a NR 100 (peak)a 175 (peak)a 10 aw = 0.15 Roe and Labuza (2005) 
 50.0 (onset) NR 95.0 (peak) 176.0 (peak) 5  Raemy et al. (1993)
 
 52.0 (onset) NR 83.0 (peak) NR 1 aw = 0.073, using micro-DSC Raemy et al. (1993)
 
 52.0 (onset) NR 112.0 (peak) 
192.0 
(peak) 20 Using DTA To and Flink (1978) 
 56.6 (onset) NR 104.4 (onset) 
183.5 
(peak) 5  Roos and Karel (1991a, 1990)
 
 59.0 (mid) NR 101.0 (onset) NR 10 
Residual moisture 2% 
(wt %) te Booy et al. (1992)
 
 60.0 (mid) NR 110.0 (onset) 
180.0 
(onset) NR Using DTA 
Mathlouthi (1995); Mathlouthi et al. 
(1986) 
 60.0 (mid) NR 118.0 (peak) 
180.0 
(peak) 10  Liao et al. (2002)
 
 60 (mid)a NR 110 (peak)a 190 (peak)a 10  Jovanović et al. (2006) 
 61.0 (onset) NR 110.0 (peak) 
178.0 
(peak) 10 Sample stored over P2O5 Roe and Labuza (2005) 
 63.0 (mid) NR 105.0 (onset) NR 10 
Residual moisture 1% 
(wt %) te Booy et al. (1992) 
 63.9 (mid) NR NR NR 10 Residual moisture 0.94% (wt %) Kedward et al. (1998) 
 64.0 (mid) NR 107.0 (onset) NR 10 
Residual moisture 0.7% 
(wt %) te Booy et al. (1992) 
 66 (onset) NR 125 (peak) NR 10  Kinugawa et al. (2015) 
 67 (mid) 0.6 NR NR 5  Roos and Karel (1991b) 




















Freeze-drying 74.0 (onset) NR 130.0 (peak) 188.0 10 
Residual moisture < 0.1% 
(wt %) Saleki-Gerhardt and Zografi (1994) 
 74.0 (onset) NR 130.0 (peak)a 
190.0 
(peak)a 10 
Residual moisture < 0.1% 
(wt %) Saleki-Gerhardt et al. (1994) 
 74 (mid) NR 140.0 (peak) NR 20 
Residual moisture < 0.1% 
(wt %) Shamblin et al. (1996) 
 74.0 (onset) NR 95.0-135.0 NR 10 Residual moisture < 0.2% (wt %) Surana and Suryanarayanan (2000) 
 74.8 0.75 116.0 187.8 1 K/min  Zhou et al. (2002) 
 75.0 (onset) NR NR NR 20  Taylor and Zografi (1998) 
 76.9 (mid) 0.544 NR NR 20  Hancock et al. (1995); Hancock and Zografi (1997) 
 77.9 (mid) 0.74 NR NR 2 
Using MDSC, amplitude = 
±0.5°C, period = 60 s 
Presence of cold 
crystallization was noted, 
but no temperature was 
given 
Shamblin et al. (1999) 
 NR NR 75.0 (peak)a 170.0 (peak)a 1  Raemy and Schweizer (1983) 
 NR NR 115.0 (peak) NR 2 
Residual moisture < 0.1% 
(wt %) Shamblin et al. (1996) 
 NR NR 130.0 (peak) NR 10 
Residual moisture < 0.1% 
(wt %) Shamblin et al. (1996) 
 NR NR 140.0 (peak) NR 40 
Residual moisture < 0.1% 
(wt %) Shamblin et al. (1996) 
 NR NR 109.9 (peak) 
181.9 
(peak) 5 
Residual moisture 1% 
(wt %) Kedward et al. (2000)
 
 NR NR 113.9 (peak) 
188.9 
(peak) 10 
Residual moisture 1% 
(wt %) Kedward et al. (2000)
 
 NR NR 132.9 (peak) 
188.9 
(peak) 20 
Residual moisture 1% 
(wt %) Kedward et al. (2000)
 
Spray-drying 66 ± 3.0 0.545 NR NR 20 Pinhole aluminum pan Christensen et al. (2002) 




















Spray-drying 79.0 NR 112.0 190.0 10  Elamin et al. (1995) 
 Not clearb NR 115 (peak)a 190 (peak)a 10 Pinhole aluminum pan Ando et al. (2007)
 
Ball milling 51.9 (mid) NR 66.9 (peak) NR 5 1 hr milling time Font et al. (1997) 
 54.9 (mid) NR 91.9 (peak) 168.9 (peak) 5 60 hrs milling time Font et al. (1997) 
 69.1 (mid) NR 86.2 (peak) 182.0 (onset) 3 2 hrs milling time Tsukushi et al. (1995)
 
 71.5 (onset) NR 93.4 (onset) 162.6 (onset) 20 
3 hrs milling time, 
cryomilling Wildfong et al. (2006)
 
 NR NR 74 NR 10 52% amorphous  (0.25 hr milling) Saleki-Gerhardt et al. (1994)
 
 NR NR 45.0 (peak) NR 1 5% amorphous Raemy et al. (1993) 
 NR NR 62.0 (peak) NR 1 18% amorphous Raemy et al. (1993) 
 Not clearb NR 73.9 (peak) NR 5 2 hrs milling time Font et al. (1997) 
 Not clearb NR 81.9 (peak) NR 5 10 hrs milling time Font et al. (1997) 
Spin-melt-
quenching 52 (onset) NR NR NR 10 aw = 0.11 Leinen and Labuza (2006) 
aValues are approximate, since they were obtained from figures in the literature, rather than tables. 




Appendix A References  
Ando, M., Ito, R., Ozeki, Y., Nakayama, Y., Nabeshima, T., 2007. Evaluation of a novel sugar 
coating method for moisture protective tablets. Int. J. Pharm. 336, 319–328.  
Bhugra, C., Rambhatla, S., Bakri, A., Duddu, S.P., Miller, D.P., Pikal, M.J., Lechuga-
Ballesteros, D., 2007. Prediction of the onset of crystallization of amorphous sucrose below 
the calorimetric glass transition temperature from correlations with mobility. J. Pharm. Sci. 
96, 1258–1269. 
Christensen, K.L., Pedersen, G.P., Kristensen, H.G., 2002. Physical stability of redispersible dry 
emulsions containing amorphous sucrose. Eur. J. Pharm. Biopharm. 53, 147–153. 
Elamin, A.A., Sebhatu, T., Ahlneck, C., 1995. The use of amorphous model substances to study 
mechanically activated materials in the solid state. Int. J. Pharm. 119, 25–36.  
Font, J., Muntasell, J., Cesari, E., 1997. Amorphization of organic compounds by ball milling. 
Mater. Res. Bull. 32, 1691–1696.  
Hancock, B.C., Shamblin, S.L., Zografi, G., 1995. Molecular mobility of amorphous 
pharmaceutical solids below their glass transition temperatures. Pharm. Res. 12, 799–806.  
Hancock, B.C., Zografi, G., 1997. Characteristics and significance of the amorphous state in 
pharmaceutical systems. J. Pharm. Sci. 86, 1–12.  
Jiang, B., Liu, Y., Bhandari, B., Zhou, W., 2008. Impact of caramelization on the glass transition 
temperature of several caramelized sugars. Part I: Chemical analyses. J. Agric. Food Chem. 
56, 5138–5147.  
Jovanović, N., Bouchard, A., Hofland, G.W., Witkamp, G.J., Crommelin, D.J.A., Jiskoot, W., 
2006. Distinct effects of sucrose and trehalose on protein stability during supercritical fluid 
drying and freeze-drying. Eur. J. Pharm. Sci. 27, 336–345.  
Kedward, C.J., MacNaughtan, W., Blanshard, J.M. V, Mitchell, J.R., 1998. Crystallization 
kinetics of lactose and sucrose based on isothermal differential scanning calorimetry. J. 
Food Sci. 63, 192–197.  
Kedward, C.J., MacNaughtan, W., Mitchell, J.R., 2000. Isothermal and non-isothermal 
crystallization in amorphous sucrose and lactose at low moisture contents. Carbohydr. Res. 
329, 423–430.  
Kinugawa, K., Kinuhata, M., Kagotani, R., Imanaka, H., Ishida, N., Kitamatsu, M., Nakanishi, 
K., Imamura, K., 2015. Inhibitory effects of additives and heat treatment on the 
crystallization of freeze-dried sugar. J. Food Eng. 155, 37–44.  
Lee, J.W., Thomas, L.C., Schmidt, S.J., 2011. Effects of heating conditions on the glass 
transition parameters of amorphous sucrose produced by melt-quenching. J. Agric. Food 





Leinen, K.M., Labuza, T.P., 2006. Crystallization inhibition of an amorphous sucrose system 
using raffinose. J. Zhejiang Univ. Sci. B 7, 85–89.  
Liao, Y.-H., Brown, M.B., Nazir, T., Quader, A., Martin, G.P., 2002. Effects of sucrose and 
trehalose on the preservation of the native structure of spray-dried lysozyme. Pharm. Res. 
19, 1847–1853.  
Mathlouthi, M., 1995. Amorphous sugar, in: Mathlouthi, M., Reiser, P. (Eds.), Sucrose: 
Properties and Applications. Springer-Science+Business Media, Glasgow, UK, pp. 75–100. 
Mathlouthi, M., Cholli, A.L., Koenig, J.L., 1986. Spectroscopic study of the structure of sucrose 
in the amorphous state and in aqueous solution. Carbohydr. Res. 147, 1–9.  
Miller, D.P., de Pablo, J.J., 2000. Calorimetric solution properties of simple saccharides and their 
significance for the stabilization of biological structure and function. J. Phys. Chem. B 104, 
8876–8883.  
Orford, P.D., Parker, R., Ring, S.G., 1990. Aspects of the glass transition behaviour of mixtures 
of carbohydrates of low molecular weight. Carbohydr. Res. 196, 11–18. 
Raemy, A., Kaabi, C., Ernst, E., Vuataz, G., 1993. Precise determination of low level sucrose 
amorphism by microcalorimetry. J. Therm. Anal. 40, 437–444.  
Raemy, A., Schweizer, T.F., 1983. Thermal behaviour of carbohydrates studied by heat flow 
calorimetry. J. Therm. Anal. 28, 95–108.  
Roe, K.D., Labuza, T.P., 2005. Glass transition and crystallization of amorphous trehalose-
sucrose mixtures. Int. J. Food Prop. 8, 559–574.  
Roos, Y.H., 1993. Melting and glass transitions of low molecular weight carbohydrates. 
Carbohydr. Res. 238, 39–48.  
Roos, Y.H., Karel, M., 1991a. Plasticizing effect of water on thermal behavior and crystallization 
of amorphous food models. J. Food Sci. 56, 38–43.  
Roos, Y.H., Karel, M., 1991b. Amorphous state and delayed ice formation in sucrose solutions. 
Int. J. Food Sci. Technol. 26, 553–566.  
Roos, Y.H., Karel, M., 1990. Differential scanning calorimetry study of phase transitions 
affecting the quality of dehydrated materials. Biotechnol. Prog. 159–163. 
Saleki-Gerhardt, A., Ahlneck, C., Zografi, G., 1994. Assessment of disorder in crystalline solids. 
Int. J. Pharm. 101, 237–247.  
Saleki-Gerhardt, A., Zografi, G., 1994. Non-isothermal and isothermal crystallization of sucrose 
from the amorphous state. Pharm. Res. 11, 1166–1173.  
Shamblin, S.L., Huang, E.Y., Zografi, G., 1996. The effects of co-lyophilized polymeric 
additives on the glass transition temperature and crystallization of amorphous sucrose. J. 




Shamblin, S.L., Tang, X., Chang, L., Hancock, B.C., Pikal, M.J., 1999. Characterization of the 
time scales of molecular motion in pharmaceutically important glasses. J. Phys. Chem. B 
103, 4113–4121.  
Surana, R., Suryanarayanan, R., 2000. Quantitation of crystallinity in substantially amorphous 
pharmaceuticals and study of crystallization kinetics by X-ray powder diffractometry. 
Powder Diffr. 15, 2–6.  
Taylor, L.S., Zografi, G., 1998. Sugar-polymer hydrogen bond interactions in lyophilized 
amorphous mixtures. J. Pharm. Sci. 87, 1615–1621. 
te Booy, M.P.W.M., de Ruiter, R.A., de Meere, A.L.J., 1992. Evaluation of the physical stability 
of freeze-dried sucrose-containing formulations by differential scanning calorimetry. 
Pharm. Res. 9, 109–114.  
To, E.C., Flink, J.M., 1978. Collapse, a structural transition in freeze-dried carbohydrates: I. 
Evaluation of analytical methods. J. Food Technol. 13, 551–565. 
Tsukushi, I., Yamamuro, O., Matsuo, T., 1995. Solid state amorphization of organic molecular 
crystals using a vibrating mill. Solid State Commun. 94, 1013–1018. 
Vanhal, I., Blond, G., 1999. Impact of melting conditions of sucrose on its glass transition 
temperature. J. Agric. Food Chem. 47, 4285–4290.  
Wildfong, P.L.D., Hancock, B.C., Moore, M.D., Morris, K.R., 2006. Towards an understanding 
of the structurally based potential for mechanically activated disordering of small molecule 
organic crystals. J. Pharm. Sci. 95, 2645–2656.  
Zhou, D., Zhang, G.G.Z., Law, D., Grant, D.J.W., Schmitt, E.A., 2002. Physical stability of 
amorphous pharmaceuticals: Importance of configurational thermodynamic quantities and 
























































































































Table B.1: Fitting parameters associated with the whole powder Rietveld refinements of BallM samples. 


















Goodness of fit 
(GOF) 
BallM - Batch 1 1.78 2.86 3.10 4.99 2.29 3.97 1.74 
BallM - Batch 2 1.79 2.89 3.12 5.06 2.19 3.84 1.75 
 
 
Table B.2: Lattice parameters and crystallite size (average (standard deviation)) of the refined crystalline sucrose pattern used for the 
calculation of % amorphous and crystalline contents of BallM samples.  

















(14) P21 18.47 (44) 














Table B.3: Positions and intensities (average (standard deviation)) of the defined amorphous diffraction peaks for the whole powder 
Rietveld refinements of BallM samples. 
Sample 





































Table B.4: Percent amorphous and crystalline contents calculated from whole powder Rietveld refinements of BallM samples. 
Sample Amorphous area Crystalline area % Amorphous content % Crystalline content 
BallM - Batch 1 107251.685 45844.1171 70.055 29.945 





















































Figure D.1: Moisture sorption profiles of MeltQ obtained using DVS instruments at 25°C and 40 






Figure D.2: DSC curves of FreD recrystallized at 30 to 80%RH, which show that there does not 
seem to be a clear trend in the thermal behavior of FreD recrystallized over the specific range of 
%RH values employed (with the exception of FreD recrystallized at 30%RH, which exhibits a 






Figure D.3: DSC curves of SprayD recrystallized at 30 to 80%RH, which indicate that the 
thermal behavior of SprayD recrystallized over the range of %RH values employed does not 
differ substantially (with the exception of SprayD recrystallized at 30%RH, which exhibits a 






Figure D.4: DSC curves of BallM recrystallized at 30 to 80%RH, which show that there does not 
seem to be a clear trend in the thermal behavior of the resultant crystals over the specific range of 







Figure D.5: DSC curves of SpinMeltQ recrystallized at 40 to 80%RH, which indicate that the 
thermal behavior of SpinMeltQ recrystallized over the range of %RH values employed does not 





Table D.1: Standard deviation values for moisture-induced crystallization onset times (in 
minutes) and maximum equilibrium moisture content expressed in percent dry basis (%db), 
corresponding to mean values given in Table 6.5 (where - = no moisture-induced crystallization 
observed). The large variation in the data, particularly at 30 and 80%RH, is not surprising given 
that amorphous materials are by nature highly variable and innately unstable and were subjected 
to sorption processes in these experiments, which are dynamic and kinetic in nature. 
Sample 30%RH 40%RH 50%RH 60%RH 70%RH 80%RH 
FreD 
1206 min 72 min 12 min 37 min 24 min 38 min 
0.72% 0.90% 0.73% 1.93% 3.60% 6.01% 
SprayD 
1257 min 35 min 1 min 7 min 4 min 4 min 
0.88% 0.32% 0.32% 0.83% 1.42% 1.43% 
BallM 
9 min 2 min 1 min 0 min 2 min 98 min 
0.35% 0.36% 0.28% 0.34% 0.37% 1.77% 
SpinMeltQ - 
250 min 27 min 20 min 7 min 12 min 
0.45% 0.54% 0.64% 0.36% 2.07% 
 
